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ABSTRACT OF DISSERTATION 
MODIFICATION OF COLD OROGRAPHIC CLOUDS 
A physical model of the cold orographic cloud system is formulated 
that simulates natural and seeded snowfall rates and specifies the po- 
tential for weather modification. Parameters in the model are evalu- 
ated as time-averaged quantities representative of the orographic 
cloud system in the area of Climax, Colorado. 
The availability of weather modification potential in the model 
cloud is mainly controlled by cloud top temperature. The speed of the 
orographic updraft exerts only a minor influence on this availability, 
but has an important influence on the magnitude of the potential. 
Model theory and physical observations indicate that accretional 
growth of crystals and ice multiplication probably do not appreciably 
influence the availability of weather modification potential, only its 
magnitude. 
The model response is compared with results from the randomized 
ground seeding experiments carried out in the Climax and Wolf Creek 
Pass areas of Colorado. The model fits reasonably well the observed 
natural precipitation for the Climax cloud system. Parameters 
associated with this fit have realistic values. The model forecasts 
that seeding carried out during this experiment should have caused an 
increase of about 5 degrees C for the temperature at which the cloud 
system will maintain high efficiency in producing precipitation. 
This was observed. 
iii 
Observations suggest that seeding reduces the number of rimed 
crystals in the cloud system for all temperatures. In both natural 
and seeded clouds, accretional growth of crystals becomes significant 
as the growth rate of ice by vapor diffusion falls below the rate at 
which the vapor is supplied to the cloud system. Seeding appears to 
displace the onset of significant riming in the cloud system about 5 
degrees C toward warmer cloud temperatures. 
Evidence also indicates the dominant effect of seeding warmer 
Climax cloud systems is to initiate precipitation during many hours, 
when it would not have occurred naturally. A smaller beneficial 
effect is to increase precipitation rates during snowfall hours. 
Implications of these findings upon the existence of cold cloud micro- 
stability, operational and experimental program designs and precipita- 
tion forecasting are discussed. Seeding also appears to suppress 
precipitation for clouds with very cold temperatures and high wind 
speeds. 
It appears that important additional water may be added to winter 
snowpacks in the Colorado Rockies by discriminatory cloud seeding pro- 
grams. Estimates of the additional water to be available on specific 
I 
mountain barriers can be computed by applying data, gathered in care- 
fully designed field programs, to the model. 
Charles F. Chappell 
Atmospheric Science Department 
Colorado State University 
Fort Collins, Colorado 80521 
December, 1970 
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CHAPTER I 
INTRODUCTION 
1. In t roduc to ry  Remarks 
wegnervs (1911) sugges t ion  t h a t  i c e  c r y s t a l s  would grow r a p i d l y  
wi th in  supercooled water c louds provided t h e  i n i t i a l  impetus t h a t  l e d  t o  
t h e  b e l i e f  t h a t  a r t i f i c i a l  s t i m u l a t i o n  of p r e c i p i t a t i o n  might be 
poss ib l e .  However, i t  was n o t  u n t i l  Schaefer  (1946) demonstrated t h e  
conversion of a  supercooled water  cloud t o  i c e  i n  both a  cold chamber 
and t h e  atmosphere using dry  i c e ,  and Vonnegut (1947) repor ted  a  method 
fo r  nuc lea t ing  i c e  formation on a  l a r g e  s c a l e  i n  t h e  atmosphere, t h a t  
a t tempts  a t  p r e c i p i t a t i o n  augmentation began i n  e a r n e s t .  
A phys i ca l  b a s i s  f o r  seeding cold orographic clouds was presented  
by Bergeron (1949). He suggested t h e  process  of n a t u r a l  i c e  n u c l e i  
p r e c i p i t a t i o n  r e l e a s e  might have an optimum e f f e c t  t h a t  depended upon 
1 )  temperature,  2)  s i z e  and concent ra t ion  of cloud d r o p l e t s  and 3) t h e  
r a t i o  of d rop le t  concent ra t ion  t o  e f f e c t i v e  i c e  n u c l e i  concent ra t ion .  
The e f f e c t s  of temperature and d r o p l e t  s i z e  a r e  r e l a t e d  t o  t h e  duffu- 
s i o n a l  t r a n s p o r t  of water  vapor from d r o p l e t s  t o  c r y s t a l s ,  which depends 
upon t h e  d i f f e r e n c e  i n  s a t u r a t i o n  vapor p re s su re  over t h e  d r o p l e t s  com- 
pared wi th  the  c r y s t a l s .  He concluded t h a t  s u b s t a n t i a l  p o t e n t i a l  f o r  
p r e c i p i t a t i o n  augmentation would e x i s t  i n  cloud masses produced by 
s t a t i o n a r y  and s u f f i c i e n t l y  s t rong  upward motions, which surpass  t h e  
OC isotherm, but  no t  t h e  - l O C  isotherm. These condi t ions  might be  found 
wi th in  s p e c i a l  orographic cloud systems a s  pointed out  by Bergeron. 
Ludlam (1955) developed f u r t h e r  t h e  ideas  expressed by Bergeron 
(1949) and presented  a d e t a i l e d  t rea tment  on t h e  phys ics  of seeding co ld  
orographic c:louds. Orographic cloud e f f i c i e n c y  w a s  considered by com- 
par ing  t h e  growth r a t e  of i c e  by vapor d i f f u s i o n  t o  t h e  growth r a t e  of 
cloud water i n  t he  cloud system, r a t h e r  than emphasizing t h e  r a t i o  of 
cloud d r o p l e t  concent ra t ion  t o  e f f e c t i v e  i c e  n u c l e i  concent ra t ion  con- 
s ide red  important by Bergeron. Ludlam a l s o  pointed out  than any a r t i f i -  
c i a l l y  induced i n c r e a s e  i n  p r e c i p i t a t i o n  e f f i c i e n c y  not  on ly  depended 
upon an increased  cloud e f f i c i e n c y ,  but  a l s o  was dependent upon c r y s t a l  
s e t t l i n g  speed and t h e  v e l o c i t y  of t h e  wind flow over t h e  mountain bar-  
r i e r .  From h i s  s tudy ,  Ludlam est imated t h e  maximum a t t a i n a b l e  annual 
i n c r e a s e  i n  snow cover over t h e  mountains of c e n t r a l  Sweden might be a s  
much a s  100 pe rcen t ,  
The phys i ca l  b a s i s  f o r  seeding cold orographic clouds,  a s  envi- 
s ioned by Bergeron and Ludlam, considered t h e  e f f i c i e n c y  of t h e  i c e  pro- 
ce s s  i n  convert ing a v a i l a b l e  l i q u i d  condensate t o  i c e  growth w i t h i n  t h e  
orographic cloud. It i s  a simple concept.  Orographic induced clouds 
along and windward of mountain ranges a r e  f r equen t ly  composed of super- 
cooled l i q u i d  d r o p l e t s ,  I f  t h e  number of e f f e c t i v e  n a t u r a l  i c e  n u c l e i  
does not  meet cloud requirements  f o r  convert ing t h e  cloud water t o  i c e  
form, snow may not  develop, o r  t h e  p r e c i p i t a t i o n  process  may be  i n e f f i -  
c i e n t .  Therefore,  i f  a r t i f i c i a l  i c e  n u c l e i  can b e  a c t i v a t e d  i n  t h e  
s a t u r a t e d  orographic a i r  s t ream upwind of t h e  mountain b a r r i e r ,  a more 
e f f i c i e n t  conversion of cloud water t o  i c e  c r y s t a l s  should r e s u l t  i n  
increased  snowfal l  on t h e  mountain. 
The modi f ica t ion  p o t e n t i a l  a s s o c i a t e d  wi th  these  microphysical  pro- 
ce s ses  i s  designated t h e  " s t a t i c  modi f ica t ion  p o t e n t i a l "  (S ;M.P .) i n  
t h i s  paper.  However, i t  i s  conceivable  t h a t  seeding under c e r t a i n  con- 
d i t i o n s  may a l t e r  buoyancy e f f e c t s  w i t h i n  t h e  cloud system by changing 
t h e  l a t e n t  h e a t  r e l e a s e  i n  ascending pa rce l s .  I n  t u r n ,  t h i s  might warm 
t h e  cloud system, inc rease  cloud tops  o r  a l t e r  t h e  v e r t i c a l  motion f i e l d  
over t h e  orographic b a r r i e r .  The o v e r a l l  r e s u l t  could be t o  change t h e  
r a t e  of condensation o r  cloud geometry during seeded condi t ions .  The 
modi f ica t ion  p o t e n t i a l  a s soc i a t ed  wi th  these  p a r t i c u l a r  dynamic e f f e c t s  
is  c a l l e d  t h e  "dynamic modi f ica t ion  p o t e n t i a l "  (D .M .P .) i n  t h i s  paper.  
Ear ly  a t tempts  t o  i nc rease  mountain snowfal l  were mainly ope ra t iona l  
i n  na ture .  These were f r equen t ly  plagued by e i t h e r  having a poor experi-  
mental des ign  o r  none a t  a l l .  Thus, many of t h e  e a r l y  cloud seeding 
endeavors y ie lded  l i t t l e  information pe r t a in ing  t o  t h e  phys i ca l  processes  
accompanying t h e  modi f ica t ion  of snowfal l .  Seeding r e s u l t s  of t hese  
e a r l y  programs were gene ra l ly  inconclus ive  and, w i th  t h e  poor experi-  
mental des ign  inhe ren t  i n  most, l e f t  much of t h e  s c i e n t i f i c  community 
q u i t e  s k e p t i c a l ,  C lea r ly ,  a meaningful and w e l l  designed experiment 
was needed. 
A s tudy  of t h e  p r e c i p i t a t i o n  processes  which accompany c e n t r a l  
Colorado mountain snowfal l  was begun i n  1959 by Colorado S t a t e  Un ive r s i t y ,  
A systems approach was used t h a t  provided f o r  a v a r i e t y  of observa t ions ,  
each r e l e v a n t  t o  t h e  s o l u t i o n  of t h e  o v e r a l l  problem of understanding 
mountain snowfal l  and i t s  modi f ica t ion .  This  experiment conducted near  
Climax, Colorado, incorpora ted  a good s t a t i s t i c a l  des ign  and r a n  nea r ly  
una l te red  f o r  t en  yea r s  be fo re  t h e  i n i t i a l  experimental  mode was a l t e r e d  
and extended on February 1, 1970; It is mainly observa t ions  ga thered  
during t h i s  ten-year experiment t h a t  provide b a s i c  d a t a  f o r  t e s t i n g  t h e  
phys i ca l  model developed he re .  
4 
Grant and Mielke (1967) s t r a t i f i e d  t h e  d a t a  ga thered  from t h e  
Climax experiment f o r  t h e  y e a r s  1960-65 wi th  r e s p e c t  t o  500 mb tempera- 
t u r e .  They found t h a t  t h e  average p r e c i p i t a t i o n  on seeded days was 54 I , ,  
percent  more than on t h e  non-seeded days,  when 500 mb temperatures were 
-20C and warmer. This  p o s i t i v e  seeding e f f e c t  decreased t o  12 percent  
f o r  t hose  events  w i th  500 mb temperatures  from -21C t o  -23C. For. t h e  
co ldes t  s t r a t i f i c a t i o n ,  where 500 mb temperatures were -24C and co lde r ,  
t h e  average d a i l y  p r e c i p i t a t i o n  on seeded days was 15  percent  l e s s  t han  
on non-seeded days.  This  experimental  evidence demonstrated r a t h e r  con- 
v inc ingly  t h a t  seeding e f f e c t s  a r e  r e l a t e d  t o  concurrent  meteoro logica l  
condi t ions .  A more d e t a i l e d  i n v e s t i g a t i o n  followed (Chappell, 1967) 
t h a t  demonstrated t h e  cons is tency  of Climax seeding r e s u l t s  w i th  s e v e r a l  
a spec t s  of cloud physics  theory.  Based l a r g e l y  on t h e s e  r e s u l t s ,  a 
rudimentary model de l inea t ing  oppor tun i t i e s  f o r  cloud seeding was pre- 
sen ted  by Grant e t  a l .  (1968) t h a t  was c o n s i s t e n t  w i th  e a r l y  r e s u l t s  of 
t h e  Climax experiment . 
It  is  now d e s i r a b l e  t o  formulate  a phys i ca l  model of t h e  cold oro- 
graphic  cloud system i n  a mode t h a t  i s  compatible w i th  experimental  d a t a  
a v a i l a b l e  f o r  i t s  t e s t i n g .  I f  t h e  phys i ca l  model can be p laced  i n  a 
c l ima to log ica l  mode ( t ime averaged over many even t s ) ,  t e s t i n g  t h e  model 
would be p o s s i b l e  s i n c e  p r e c i p i t a t i o n  d a t a  from s e v e r a l  randomized exper- 
iments a r e  now a v a i l a b l e .  These inc lude  t h e  1960-65 and 1965-70 inde- 
pendent samples from t h e  Climax, Colorado, experiment,  t h e  1964-69 S t a t e  
of Colorado experiment a t  Wolf Creek Pass ,  Colorado, and t h e  Park Range, 
Colorado, experiment. S t a t i s t i c a l  techniques are a l s o  a v a i l a b l e  i n  t h i s  
mode t o  provide a measure of confidence i n  some of t h e  mode l ' t e s t i ng .  
2.  Objec t ives  of t h i s  Study 
The f i r s t  o b j e c t i v e  of t h i s  s tudy  is  t o  formulate  a  phys i ca l  model 
of t h e  co ld  orographic cloud system i n  a  mode s u i t a b l e  f o r  t e s t i n g  wi th  
r e s u l t s  obtained from cloud seeding experiments i n  t h e  Colorado Rockies. 
A second o b j e c t i v e  of t h i s  i n v e s t i g a t i o n  is  t o  t e s t  t h e  model i n  a s  
many ways a s  t h e  a v a i l a b l e  d a t a  permi ts .  This  i nc ludes  1 )  t e s t i n g  non-,  
seeded and seeded model p r e c i p i t a t i o n  equat ions a g a i n s t  p r e c i p i t a t i o n  
observed i n  t h e  primary t a r g e t  a r e a  during t h e  Climax experiment,  2) 
t e s t i n g  t h e  model weather modi f ica t ion  p o t e n t i a l  equat ion  a g a i n s t  
observed seeding e f f e c t s  i n  t h e  primary t a r g e t  a r e a  and 3)  t e s t i n g  t h e  
i n t e r n a l  cons is tency  of t h e  model theory wi th  observed c r y s t a l  growth 
processes  and t h e i r  changes from non-seeded t o  seeded condi t ions .  
A t h i r d  o b j e c t i v e  of t h i s  s tudy  i s  t o  i n v e s t i g a t e  t h e  n a t u r e  of 
observed seeding e f f e c t s .  I n  t h i s  s tudy  an at tempt  is  made t o  d e f i n e  
whether t h e  major i n f luence  of seeding ,  when p o s i t i v e  r e s u l t s  a r e  
obta ined ,  is  t o  i n i t i a t e  a  p r e c i p i t a t i o n  r e l e a s e ,  o r  t o  improve cloud 
e f f i c i e n c y  during p r e c i p i t a t i o n  occurrence. 
Another o b j e c t i v e  of t h i s  s tudy  is t o  t e s t  t h e  r e a l i t y  of over- 
seeding. Does seeding under some meteorological  condi t ions  suppress  
p r e c i p i t a t i o n ,  and i f  so ,  a r e  t hese  condi t ions  c o n s i s t e n t  w i t h  t h e   cloud^ 
physics  theory underlying t h e  model equat ions? 
A f i n a l  o b j e c t i v e  of t h i s  i n v e s t i g a t i o n  i s  t o  d e r i v e  reasonable  
e s t ima te s  of t h e  a d d i t i o n a l  water a v a i l a b l e  through an optimum cloud 
seeding program f o r  two l o c a t i o n s  i n  t h e  Colorado Rockies. 
CHAPTER I1 
MODELING THE COLD OROGRAPHIC CLOUD 
1. A Basis  f o r  Physical  Modeling 
a .  To ta l  Water Budget of a Pa rce l  of A i r  
The phys ica l  b a s i s  f o r  seeding cold orographic clouds may be exam- 
ined and defined by inves t iga t ing  processes con t ro l l ing  t h e  t o t a l  water  
budget of these  clouds. Based on t h e  t o t a l  water budget equation,  phys- 
i c a l  models may be  derived which de f ine  the  modif icat ion p o t e n t i a l  i n  
terms of p r e c i p i t a t i o n  i n t e n s i t y  and which de l inea te  meteorological  
condit ions associa ted  with oppor tuni t ies  t o  modify n a t u r a l  snowfal l ,  
The t o t a l  water budget of a pa rce l  of a i r  may be w r i t t e n  
where r is t h e  vapor mixing r a t i o ,  1 t h e  l i a u i d  mixing r a t i o  and s the  
i c e  mixing r a t i o  of t h e  pa rce l ,  
The t o t a l  water  budget equation may b e  considered during various 
s t ages  i n  t h e  t r a n s i t  of a pa rce l  over an orographic b a r r i e r  a s  shown 
i n  Figure 1. For pa rce l s  moving i n  t h e  sub-cloud l a y e r ,  t i m e  v a r i a t i o n s  
of t h e  pa rce l  moisture q u a n t i t i e s  a r e  given by 

Equations 2 and 3 s t a t e  t h a t  u n t i l  s a t u r a t i o n  wi th  r e spec t  t o  
water  i s  a t t a i n e d ,  t h e  vapor mixing r a t i o  is  conserved and t h e r e  is  no 
formation of l i q u i d  water .  Equation 4 assumes growth of i c e  p a r t i c l e s  
i n  t h e  sub-cloud l a y e r  is  n e g l i g i b l e .  For p a r c e l s  w i th  upward t r a j e c -  
t o r i e s  i n  t h e  cloud system, t h e  time v a r i a t i o n s  of t h e  p a r c e l  moisture 
q u a n t i t i e s  can be w r i t t e n  
where r i s  the  s a t u r a t i o n  vapor mixing r a t i o ,  n  i s  t h e  number of i c e  
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c r y s t a l s  per  u n i t  mass, m i s  t h e  i c e  c r y s t a l  mass, and (5) and ( 6 )  apply 
bes t  f o r  zero  supe r sa tu ra t ion  wi th  r e spec t  t o  water .  
Equation 5 s t a t e s  t h a t  time v a r i a t i o n s  of t h e  vapor mixing r a t i o  
during t h e  in-cloud s t a g e  a r e  equiva len t  t o  changes i n  t h e  s a t u r a t i o n  
vapor mixing r a t i o  of t he  pa rce l .  Equation 6 g ives  t h e  time v a r i a t i o n  
of t he  l i q u i d  water  conten t  of t h e  p a r c e l  a s  an imbalance between t h e  
vapor supply r a t e  and the  r a t e  of i c e  growth i n  t h e  p a r c e l .  Equation 7 
g ives  t h e  r a t e  of i c e  growth i n  t he  p a r c e l  a s  t h e  t i m e  change i n  c r y s t a l  
mass mu l t ip l i ed  by the  number of i c e  c r y s t a l s  p e r  u n i t  mass. 
When p a r c e l s  begin t h e i r  downward t r a j e c t o r i e s  p r i o r  t o  depar t ing  
t h e  cloud system, t ime v a r i a t i o n s  of t h e  p a r c e l  mois ture  q u a n t i t i e s  can 
be expressed by t h e  fol lowing equat ions  which apply u n t i l  a l l  1-iquid and 
s o l i d  candensates have evaporated,  
I n  t hese  equat ions  de / d t  and dei /dt  a r e  t h e  r a t e s  of evaporat ion of 
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l i q u i d  water  and i c e  form i n  t h e  p a r c e l ,  r e spec t ive ly .  
b. Basic  Equations 
The fol lowing equat ions  apply over a p a r c e l  t r a j e c t o r y  t h a t  o r i g i -  
na t e s  i n  t h e  sub-cloud l a y e r ,  extends through t h e  cloud updra f t  and 
downward t o  a po in t  where a l l  l i q u i d  and s o l i d  condensates have evapo- 
r a t ed .  This  f i n a l  po in t  d e l i n e a t e s  t h e  dowst ream edge of t h e  cloud 
e x i t  region. 
I f  i t  is now assumed t h a t  p r e c i p i t a t i o n  f a l l o u t  from t h e  p a r c e l  is 
i n  i c e  form, t h e  fol lowing conserva t ion  equat ions apply over t h e  t r a j e c -  
tory.  
The n e t  r a t e  of i c e  growth over t h e  p a r c e l  t r a j e c t o r y  o r  equiva- -
~ e n t l y ,  t h e  snowfa l l  i n t e n s i t y  following t h e  p a r c e l  is given by dp / d t ,  
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Both (11) and (13) g ive  express ions  f o r  t h i s  quan t i t y .  
Prom (12) t he  fol lowing r e l a t i o n  i s  designated the  " ra te"  equat ion.  
where 
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Equation 15  shows t h a t  i f  t he  r a t e  of vapor suppl ied  t o  t h e  
ascending p a r c e l  i s  g r e a t e r  than t h e  e x t r a c t i o n  r a t e  due t o  i c e  c r y s t a l  
growth, t h e r e  i s  an evapora t ion  of l i q u i d  water  i n  t h e  cloud e x i t  region.  
This evapora t ive  l o s s  a r i s e s  due t o  accumulation of l i q u i d  water  i n  t h e  
p a r c e l  through cloud d rop le t  growth dur ing  i t s  ascension.  Subsequent 
evaporat ion of t hese  cloud d r o p l e t s  i n  t h e  subs id ing  a i r s t r e a m  t o  t h e  
l e e  of t h e  mountain b a r r i e r  t h e r e f o r e  r ep re sen t s  a l o s s  of p r e c i p i t a t i o n  
on t h e  mountain due t o  an i n e f f i c i e n t  i c e  process .  On t h e  o the r  hand, 
i f  t he  e x t r a c t i o n  r a t e  of l i q u i d  cloud d r o p l e t s  by i c e  c r y s t a l  growth is  
equal  t o  o r  g r e a t e r  than t h e  r a t e  of l i q u i d  water  formation i n  t h e  I 
ascending p a r c e l ,  t h e r e  is  no n e t  accumulation of l i q u i d  water  and 
consequently,  no evapora t ion  of l i q u i d  d r o p l e t s .  
c .  Optimum Conditions f o r  Crys t a l  Growth 
From (15) i t  fol lows t h a t  a d e s i r a b l e  cond i t i on ,  f o r  minimizing 
l o s s e s  and maximizing t h e  cold cloud p r e c i p i t a t i o n  process ,  i s  f o r  i c e  
growth t o  occur a t  a r a t e  equiva len t  t o  t h e  vapor supply r a t e .  Fu r the r ,  
i t  i s  advantageous t o  have t h i s  conversion of cloud water  t o  i c e  form 
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a t  water  s a t u r a t i o n ,  s i n c e  t h i s  degree of cloud super sa tu ra t ion  provides 
fo r  h ighes t  d i f f u s i o n a l  growth r a t e s  of c r y s t a l s  without a n e t  growth o 1 
l i q u i d  water drople ts .  Thus, a process i s  envisioned wherein the  vapor 
is converted t o  i c e  using l i q u i d  d rop le t s  as  a "buffer" o r  " c a t a l y s t t t  i J 
the  reac t ion .  
d. S impl i f ica t ion  of Basic Equations 
Equations 14 and 15 express important r e l a t ionsh ips  about t h e  pre- 
c i p i t a t i o n  process i n  orographic clouds. A t  t h i s  poin t  t h e  equations 
a r e  genera l  i n  t h a t  the manner of c r y s t a l  growth i s  not  s p e c i f i e d  and 
l o c a l  and advective changes i n  s a t u r a t i o n  mixing r a t i o  a r e  re ta ined .  
They apply t o  pa rce l s  t r ave r s ing  through the  orographic cloud system. 
The u l t imate  i n  cloud seeding opera t ions  would be t o  ind iv idua l ly  
t r e a t  t he  various cloud pa rce l s  as  they t r a v e r s e  through t h e  orographic 
cloud system according t o  t h e i r  immediate requirements,  However, t h e  
technology t o  accomplish t h i s  does not  e x i s t ,  nor would i t  be econom- 
i c a l l y  f e a s i b l e  t o  attempt t h i s ,  even i f  cloud requirements could be 
s p e c i f i e d  i n  such accura te  d e t a i l .  I t  would be more compatible wi th  
present  technology t o  t r e a t  a cloud segment of u n i t  width normal t o  the  
orographic b a r r i e r  (as  shown i n  Figure 1 )  i n  i t s  e n t i r e t y .  This 
approach may be followed i f  i t  i s  requi red  t h a t  1 )  s teady s t a t e  condi- 
t i o n s  apply, 2 )  temperature changes due t o  hor i zon ta l  advection a r e  
smal l ,  and 3) equations 14 and 15 a r e  s a t i s f i e d  when averaged over the  
cloud segment. 
Converting equations 14 and 15 i n t o  terms of u n i t  volume, and 
averaging over t h e  cloud segment, they may be w r i t t e n  
where the  ba r  s i g n i f i e s  an average over the  cloud segment and t h e  capi- 
t o l i z e d  l e t t e r s  i n d i c a t e  q u a n t i t i e s  pe r  u n i t  volume. 
I n  (16) dP / d t  i s  t h e  snowfal l  i n t e n s i t y  averaged over the  cloud 
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segment, N (drn/dt) i s  t h e  growth r a t e  of i c e  averaged over the  cloud 
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segment, -upfar  l ap )  is  the  condensation r a t e  averaged over t h e  cloud 
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segment, and dE / d t  and dE / d t  a r e  t h e  evaporation r a t e s  of l i q u i d  water 
W i 
and i c e  r e spec t ive ly ,  averaged over t h e  cloud segment. Henceforth, 
these  ind iv idua l  terms w i l l  be  designated a s  average terms f o r  ease of 
reference.  
From (16) i t  i s  apparent t h a t  t h e r e  may be t h r e e  p o s s i b i l i t i e s  f o r  
increas ing  the  average p r e c i p i t a t i o n  i n t e n s i t y  of t h e  cloud system. 
These include 1 )  increas ing  the  average r a t e  of condensation of t h e  
cloud system (dynamic p o t e n t i a l ) ,  2)  decreasing t h e  average evaporation 
r a t e  of l i q u i d  d rop le t s  i n  the  cloud e x i t  region ( s t a t i c  p o t e n t i a l )  and 
3) decreasing the average evaporation r a t e  of i c e  c r y s t a l s  i n  the  cloud 
e x i t  region (e l iminat ion  of overseeding). Before d iscuss ing  more f u l l y  
the p o s s i b i l i t i e s  of modifying snowfal l ,  (16) is  developed i n  g r e a t e r  
d e t a i l  i n  order  t o  br ing  out  important aspects  of seeding cold orographic 
clouds. 
F i r s t ,  however, i t  is  important t o  review microphysical processes 
t h a t  con t ro l  t h e  growth r a t e  of i c e  i n  the  cloud segment. I n  t h e  next 
two sec t ions  the growth of i c e  c r y s t a l s  by vapor d i f fus ion  and acc re t ion  
a r e  considered. 
2. The Growth of I c e  by Vapor Diffusion 
Equations 16 and 17 were derived without speci fy ing  t h e  na ture  by 
which i c e  c r y s t a l s  grow i n  the  cold orographic cloud system. I n  such a  
cloud system, t h e r e  a r e  two poss ib le  processes by which i c e  c r y s t a l s  may 
grow; vapor d i f fus ion  o r  acc re t ion  wherein the  f a l l i n g  i c e  c r y s t a l s  cap- 
t u r e  the  cloud d rop le t s  d i r e c t l y .  I n  t h i s  s e c t i o n  t h e  d i f f u s i o n a l  
growth of i c e  c r y s t a l s  is  inves t iga ted  and t h e  r e s u l t i n g  equation 
t a i l o r e d  f o r  condit ions r ep resen ta t ive  of t h e  Climax cloud system. 
a. Dif fus ional  Growth Equation 
I f  around a  growing i c e  c r y s t a l  t h e r e  is  a  s teady s t a t e  d i f fus ion  
of water  vapor and s teady s t a t e  thermal conduction, the  r a t e  of i c e  
c r y s t a l  growth by vapor d i f f u s i o n  can be expressed (Mason, 1965) 
where 
and m, t h e  i c e  c r y s t a l  mass 
Si, the  supe r sa tu ra t ion  r e l a t i v e  t o  a  plane i c e  su r face  
C ,  t h e  e l e c t r o s t a t i c  capaci ty f a c t o r  
F1, t h e  v e n t i l a t i o n  f a c t o r  of the  c r y s t a l  i n  the  a i r f low 
F2, t h e  vapor f a c t o r  t h a t  co r rec t s  the  vapor f i e l d  t o  t h a t  of a I 
supercooled cloud 
Li, t he  l a t e n t  h e a t  of sublimation 
Rv, t h e  gas constant  f o r  water  vapor 
D,  t h e  d i f f u s i v i t y  o f  water  vapor i n  a i r  
K ,  t h e  thermal conduct iv i ty  of a i r  
e  t h e  s a t u r a t i o n  vapor pressure  over  a  plane su r face  of i c e  a t  t h e  s i  ' 
ambient temperature, T  
Mason (1965) has wr i t t en  t h e  v e n t i l a t i o n  f a c t o r  f o r  spheres as  a 
function of the Reynold's number o r  
which is  q u i t e  s i m i l a r  t o  t h a t  obtained empirical ly by Frossl ing (1938) 
f o r  the  r a t e  of evaporation of l i q u i d  drople ts .  
The ~ e y n o l d ' s  number f o r  i c e  c r y s t a l s  may be estimated from i ts  
equivalent  radius  
where V i s  c r y s t a l  ve loc i ty  r e l a t i v e  t o  t h e  environment, r the  equivi  c e  
I 
a l e n t  radius  of a  c r y s t a l  having the  same volume as  a  d rop le t ,  and v 
the  kinematic v i scos i ty ,  
The equivalent  radius  of a  c r y s t a l  may then be determined from the  
r e l a t i o n  I 
where r and c  a r e  t h e  c r y s t a l  radius  and thickness,  respectively.  
Combining (20), (21), and (22) t h e  v e n t i l a t i o n  f a c t o r  may be 
expressed a s  
PI = 1 + 0.31 (Vcr 2/3c1/31v) 112 (23) 
From (23) i t  is  seen t h a t  the  v e n t i l a t i o n  f a c t o r  i n  t h e  growth 
equation is  a  function of c r y s t a l  h a b i t ,  s i z e  and f a l l  speed and t h e  
kinematic v i scos i ty .  Through the h a b i t  and v i s c o s i t y  terms the vent i -  
l a t i o n  f a c t o r  i s  dependent upon pressure and temperature, 
Marshall and Langleben (1954) derived a  f a c t o r  t h a t  co r rec t s  the  
vapor f i e l d  t o  t h a t  of a  supercooled cloud. An expression f o r  t h i s  
vapor f a c t o r  may be w r i t t e n  
where r i s  i c e  c r y s t a l  r ad ius  and r the  cloud d rop le t  radius .  The d 
vapor f a c t o r  is a funct ion  of t h e  s i z e  of the  growing c r y s t a l  and t h e  
sum over u n i t  volume of a l l  cloud drople t  r a d i i .  
The e l e c t r o s t a t i c  capaci ty f a c t o r  is a funct ion of t h e  c r y s t a l  
shape. Three simple cases genera l ly  se rve  a s  approximations f o r  t h e  
majori ty of i c e  c r y s t a l  forms (McDonald, 1963); sphere of radius  r ,  
C = r ;  d i sk  of radius  r ,  C = 2r/.rr; and p r o l a t e  spheroid wi th  major and 
minor semiaxes a and b r e spec t ive ly ,  C = 2ae/ln [ ( l  + e ) / ( l  - e ) ]  where 
2 2 112 
e = ( l - b / a )  . 
I n  the  case of a c r y s t a l  growing i n  an environment a t  water  sa tura-  
t i o n ,  the  quant i ty  (S G ' )  may be  solved as  a funct ion  of temperature and 
i 
pressure  (Mason, 1953; Marshall  and Langleben, 1954). This funct ion  has 
been evaluated f o r  d i f f e r e n t  pressures  and temperatures and i s  shown i n  
Figure 2. It is  henceforth denoted as  FT. I f  pressure  is  lowered a t  
constant temperature, t he  decrease i n  d i f f u s i v i t y  dominates the  funct ion  
r e s u l t i n g  i n  an inc rease  i n  the  c r y s t a l  growth r a t e .  It is  a l s o  noted 
t h a t  the  maximum growth r a t e  s h i f t s  s l i g h t l y  toward colder  temperatures 
a t  lower pressures .  
For purposes of immediate s i m p l i f i c a t i o n ,  the  e f f e c t  of the  vapor 
f a c t o r  on c r y s t a l  growth may be  shown t o  be  r a t h e r  unimportant f o r  
con t inen ta l  type cold orographic clouds r ep resen ta t ive  of the  Climax 
area.  Assuming a snow c r y s t a l  r ad ius  of 400 microns, mean cloud drop- 
l e t  rad ius  of 6 microns and a cloud drople t  concentrat ion of 200 per  
3 
cm , t h e  vapor f a c t o r  i s  computed t o  be about 1.05. Figure 3 shows 
average c r y s t a l  s i z e s  observed near  Climax a r e  w e l l  below a radius  of 
THERMODYNAMIC FUNCTION ( FT x 10" ) 
( GM /CM. SEC ) 




Figure 3. Average crystal sizes observed near Climax, Colorado, as a 
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400 microns and over 90 percent  of a l l  c r y s t a l  s i z e s  observed had r a d i i  
l e s s  than 400 microns. The e f f e c t  of t h e  vapor f a c t o r  may t h e r e f o r e  b e  
neglec ted  f o r  t h e s e  cloud systems. 
Based on t y p i c a l  temperatures  found i n  w in te r  orographic clouds,  i t  
is reasonable t o  consider  t h a t  t h e  e l e c t r o s t a t i c  capac i ty  f a c t o r  may be  
approximated by t h a t  of a c i r c u l a r  d i s k ,  o r  C = 21-/IT. S u b s t i t u t i n g  t h i s  
express ion  f o r  C ,and neg lec t ing  t h e  vapor f a c t o r ,  (18) may now be  w r i t t e n  
b. Comparison of Growth Equation wi th  Observations 
Fukuta (1969) i n t e g r a t e d  (18) over  s h o r t  per iods  of t ime and com- 
I pared these  r e s u l t s  w i th  c a r e f u l l y  measured r a t e s  of i c e  c r y s t a l  growth. 
He neglec ted  the  vapor and v e n t i l a t i o n  f a c t o r s  from t h e  equat ion and 
assumed a s p h e r i c a l  i c e  c r y s t a l  (C = r ) .  Figure 4 shows t h e  comparison 
between r e s u l t s  ob ta ined  through measurements and by i n t e g r a t i o n  of t h e  
growth equat ion.  It is  seen  t h a t  t h e  growth equat ion g ives  va lues  h ighe r  
than observed a t  the  warmer temperatures and lower than observed a t  the  
co lde r  temperatures.  I n  an a c t u a l  cloud system, however, t h e  i c e  crys- 
t a l  growth r a t e  should be  i n t e g r a t e d  over  e x i s t i n g  cloud temperatures .  
It appears  from Figure 4,  f o r  cloud top  temperatures around -18C t o  -20C 
and cloud base  temperatures  around -2C t o  -4C, t h e  a r e a s  under t h e  theo! 
r e t i c a l  and observed curves a r e  n e a r l y  equal  and t h e  t h e o r e t i c a l  equat ion 
would be adequate i n  t h i s  case .  For t h e  co lder  cloud systems t h e  theo- 
r e t i c a l  growth r a t e s  appear t o  be  somewhat conserva t ive .  
Todd (1964) through an empir ica l  s tudy  of  i c e  c r y s t a l s  attempted t o  
determine i c e  c r y s t a l  growth r a t e s  a s  a func t ion  of temperature.  He 
ex t r ac t ed  c r y s t a l  growth r a t e  in format ion  from t a b l e s ,  s c a t t e r  diagrams 
MASS #TER 
50 SECS. (FUKUTA 81 
WANG, 1968) 
CRYSTAL MASS 
AFTER 50 SECS. 
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WTH UMllON) 
TEMPERATURE (degrees C) 
Figure 4. Theoretical, observed and emperically deduced crystal growth 
rates as a function of environmental temperature. 
and micrographs. I c e  c r y s t a l  dimensions were then r e l a t e d  t o  growth I 
time and i t  was found t h a t  growth of the  c r y s t a l  axes (a  and c) could be 
f i t t e d  t o  equations of the  type; a = katu and c = kCtB where a and 6 
a r e  d i s c r e t e  funct ions  of temperature, and k and k a r e  continuous a c 
funct ions  of temperature. The r e s u l t s  of t h i s  i n v e s t i g a t i o n  a r e  a l s o  
shown i n  Figure 4. It is  seen t h a t  t h e  c r y s t a l  growth r a t e s  determined 
by Todd a r e  not  w e l l  explained by the  d i f f u s i o n a l  growth equation.  
Around -15C the re  is  near ly  an order  of magnitude d i f f e rence  i n  t h e  two 
curves. 
Braham (1968) combined observat ions on t h e  r e l a t i v e  r a t e  of i c e  
c r y s t a l  growth a s  reported by Ha l l e t  (1965) with labora tory  measurements 
of a c t u a l  c r y s t a l  growth r a t e s  reported by Mason (1957) t o  der ive  crys- 
t a l  growth r a t e s  a s  a funct ion  of environmental temperature. These 
values a r e  genera l ly  l e s s  than those found by Todd. 
It i s  apparent t h a t  the  growth r a t e  of i c e  c r y s t a l s  i s  s t i l l  not  
we l l  e s t ab l i shed .  On t h i s  b a s i s ,  (25) w i l l  be adopted as  being repre- 
s e n t a t i v e  of i c e  c r y s t a l  growth by vapor d i f fus ion ,  Cloud water  can 
a l s o  be ex t rac ted  from the  cloud system by acc re t iona l  growth of i c e  
c r y s t a l s  and t h i s  important process is  discussed i n  the  next sec t ion .  
3. I c e  Crys ta l  Growth by Accretion 
a. Accre t ional  Growth Equation 
The r a t e  of inc rease  of mass of a f a l l i n g  c r y s t a l  by acc re t ion  of 
supercooled cloud d rop le t s  i s  commonly given by 
where r is c r y s t a l  r a d i u s ,  E t h e  c o l l e c t i o n  e f f i c i e n c y ,  \ t he  l i q u i d  
water content  and (Vc - V ) t h e  r e l a t i v e  v e l o c i t y  between the  c r y s t a l  d 
and the  co l l ec ted  d rop le t s .  Since d rop le t  f a l l  v e l o c i t i e s  a r e  much l e s s  
than c r y s t a l  s e t t l i n g  speeds (26) i s  usual ly  s impl i f i ed  t o  
where Vc is the  c r y s t a l  s e t t l i n g  speed. 
The growth r a t e  due t o  acc re t ion  depends upon t h e  mass of d rop le t s  
ly ing  i n  t h e  path of a  f a l l i n g  c r y s t a l  and i t s  a b i l i t y  t o  c o l l e c t  them. 
This  process i s  complicated by 1 )  the  a i r  flow around the  c r y s t a l  which 
allows some of the  d r o p l e t s  t o  escape c o l l e c t i o n  by the  f a l l i n g  c r y s t a l ,  
and 2 )  t he  tendency f o r  small  water d rop le t s  t o  evaporate upon approach- 
ing  a  l a r g e r  i c e  c r y s t a l  due t o  t h e  vapor pressure  g rad ien t  t h a t  e x i s t s  
between them. These e f f e c t s  give r i s e  t o  a  c r i t i c a l  d rop le t  s i z e  f o r  
which a  given c r y s t a l  cannot c o l l e c t  d r o p l e t s  of a  smaller  s i z e .  
b. Observations of Rimed Crys ta l s  and Accreted Droplets  
Kumai (1951) found t r a c e s  of condensation nuc le i  s c a t t e r e d  over t h e  
su r face  of i c e  c r y s t a l  r e p l i c a s  and suggested the  acc re t ion  of small  
cloud d rop le t s  might con t r ibu te  s i g n i f i c a n t l y  t o  c r y s t a l  growth. How- 
ever ,  s i n c e  Kuroiwa (1955) found t h a t  small  d rop le t s  tend t o  evaporate 
when approaching a  l a r g e r  i c e  c r y s t a l ,  i t  i s  unl ike ly  t h a t  acc re t ion  of 
very small  d rop le t s  cont r ibutes  important ly t o  c r y s t a l  growth. He 
showed t h a t  only d rop le t s  l a r g e r  than a  micron i n  diameter could reach 
a  t y p i c a l  small  c r y s t a l  without evaporat ing.  The aerodynamic e f f e c t s  
which were not  considered by Kuriowa make i t  q u i t e  l i k e l y  t h a t  d rop le t s  
of a few microns cannot be  co l l ec ted .  
Ludlam (1955) suggested t h e  c r i t i c a l  d rop le t  radius  f o r  c o l l e c t i o n  
is about 8 microns. Observations of Ono (1969) ind ica ted  t h a t  d e n d r i t i c  
c r y s t a l s  of 1000 micron rad ius  captured cloud d rop le t s  wi th  7 t o  20 
micron r a d i i .  Column c r y s t a l s  with major axes from 200 t o  400 microns 
and minor axes from 100 t o  150 microns captured cloud d rop le t s  ranging 
i n  r a d i i  from 10 t o  35 microns. Observations of rimed c r y s t a l s  by 
Marwitz and Auer (1968) i n  cap clouds over southern Wyoming showed hex- 
agonal c r y s t a l s  wi th  r a d i i  l e s s  than 175 microns were never rimed, while  
1000 micron c r y s t a l s  exhib i ted  moderate t o  heavy riming. I n  a l l  cases 
t h e  lower threshold  r ad ius  f o r  accre ted  d rop le t s  was not  l e s s  than 8 
microns. From the  above observat ions i t  is  est imated t h a t  only cloud 
water e x i s t i n g  i n  d rop le t s  of r a d i i  g r e a t e r  than 7 o r  8 microns is  
l i k e l y  t o  con t r ibu te  s i g n i f i c a n t l y  t o  acc re t iona l  growth of i c e  c r y s t a l s  
c.  Control of Accret ional  Growth by Cloud Residence Time 
It follows from the  exis tence  of a c r i t i c a l  drop s i z e ,  t h a t  t h e  
l imi t ed  geometry of some orographic cloud systems may con t ro l  somewhat 
the  amount of cloud water ava i l ab le  f o r  acc re t iona l  growth by l i m i t i n g  
cloud residence time ava i l ab le  f o r  d rop le t  growth. I n  add i t ion ,  c o n t i - '  
n e n t a l  type orographic clouds,  having cloud nuc le i  t h a t  favor growth 
of smaller  d rop le t s  and a narrower d rop le t  s i z e  d i s t r i b u t i o n  than mari- 
time type clouds,  would be inhe ren t ly  slower t o  e x h i b i t  acc re t iona l  
growth. Howell (1949) showed f o r  a con t inen ta l  type cloud nuc le i  spec- 
trum and an ascension r a t e  of '  about 30 cm/sec, t h a t  only a r e l a t i v e l y  
few d rop le t s  a t t a i n e d  an 8 micron radius  a t  t h e  end of 20 minutes of 
growth. Since t h i s  time i n t e r v a l  i s  of the  same order  a s  t h a t  required 
f o r  t r a n s i t  of pa rce l s  through the  Climax orographic cloud,  i t  seems 
l i k e l y  t h a t  acc re t iona l  growth would f requent ly  be subordinate t o  
d i f f u s i o n a l  growth processes i n  t h i s  cloud system. While t h e r e  a r e  
e f f e c t s  opera t ing  t o  suppress a c c r e t i o n a l  growth of c r y s t a l s  i n  t h e  
Climax orographic cloud system, t h e  dominant con t ro l  on a c c r e t i o n a l  
growth inev i t ab ly  must be t raced  t o  cloud supersa tura t ion  which is dis -  
cussed i n  t h e  next sec t ion .  
d. E f fec t  of Cloud Supersa tura t ion  on Accret ional  Growth 
The presence of t h e  i c e  phase i n  cold orographic clouds has  
important e f f e c t s  on the  a b i l i t y  of the  cloud system t o  con t r ibu te  t o  
i c e  c r y s t a l  growth by acc re t ion .  This can be  seen from considering 
super sa tu ra t ion  i n  a  mixed cloud system. The time r a t e  of change of 
cloud super sa tu ra t ion  may be  w r i t t e n  
where Q 1 ' Q2, Q3, G and G' a r e  thermodynamic funct ions  and o the r  quan- 
t i t i e s  not  y e t  defined a r e :  
Sw' the  supe r sa tu ra t ion  r e l a t i v e  t o  a  plane water su r face  
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a ,  a  funct ion  of temperature equal  t o  3.3(10 ) / T  
b ,  a  funct ion  of drople t  s o l u t e  equal  t o  4 . 3  times t h e  moles of 
s o l u t e  contained i n  a  d r o p l e t  
z, t h e  v e r t i c a l  d i s t ance  
Equation 28 shows the  time r a t e  of change i n  cloud super sa tu ra t ion  
is  due t o  imbalances between the  cooling r a t e  associa ted  wi th  the  up- 
d r a f t  speed, r a t e  of d rop le t  growth, and the  r a t e s  of c r y s t a l  growth by 
vapor d i f fus ion  and acc re t ion .  The d rop le t  growth r a t e  term tends t o  
a c t  a s  a  s t a b i l i z i n g  inf luence  on cloud super sa tu ra t ion  s i n c e  i t  takes  
on both negat ive (evaporation) and p o s i t i v e  (growth) va lues ,  
It  is  i n t e r e s t i n g  t o  consider  (28) under two d i f f e r i n g  condit ions.  
I n  the f i r s t  case ,  i t  is  assumed t h a t  a supercooled cloud is  a t  water  I 
s a t u r a t i o n  and t h a t  cloud system temperatures a r e  cold s o  t h a t  the  magni- 
tude of the  d i f f u s i o n a l  growth r a t e  term exceeds t h a t  of the  cooling I 
r a t e  term (Nc is  l a r g e ) .  I n  t h i s  event t h e  d rop le t  growth r a t e  term 
becomes negat ive and d rop le t  evaporation tends t o  maintain t h e  cloud 
super sa tu ra t ion  a t  t he  l e v e l  of water s a t u r a t i o n ,  Eventual ly,  t he  
r e s e r v o i r  of l i q u i d  d r o p l e t s  i s  depleted by evaporat ion and cloud s u p e r l  
s a t u r a t i o n  f a l l s .  However, a s  cloud super sa tu ra t ion  decreases the  d i f -  
fus iona l  growth r a t e  a l s o  is  reduced and cloud super sa tu ra t ion  a t t a i n s  
a s teady s t a t e  a t  some value near i c e  s a t u r a t i o n .  I n  t h i s  s teady s t a t e  
condit ion,  t h e  l i q u i d  water content  (95) is nea r  zero and the re  i s  an 
extremely low p robab i l i ty  of a c c r e t i o n a l  growth of i c e  c r y s t a l s .  
I n  c o n t r a s t  t o  the  above case ,  i f  t h e  magnitude of the  cooling r a t e  
term exceeds t h a t  of t h e  d i f f u s i o n a l  growth r a t e  term (Nc i s  sma l l ) ,  a 
ne t  d rop le t  growth tends t o  r e l i e v e  the  increase  i n  cloud supersatu- -
r a t ion .  Since t h e  d rop le t  mass growth r a t e  i s  d i r e c t l y  propor t ional  t o  
the  d rop le t  s i z e  ( r ad ius ) ,  cloud super sa tu ra t ion  a t t a i n s  a s teady s t a t e  
a t  some value  above t h e  l e v e l  of water s a t u r a t i o n .  There i s ,  the re fo re ,  
a s p e c i f i c  p robab i l i ty  t h a t  a given cloud d rop le t  w i l l  continue t o  grow, 
The g rea te r  t h e  d i f f e rence  between the  cooling r a t e  term and the  d i f fu-  
s i o n a l  growth r a t e  term, t h e  l a r g e r  t h i s  p robab i l i ty  becomes. Thus, t h e  
p robab i l i ty  inc reases  t h a t  more of the  cloud water w i l l  be found i n  
d rop le t s  exceeding 7 o r  8 microns r ad ius ,  and w i l l  t he re fo re  be  ava i l -  
ab le  f o r  the  a c c r e t i o n a l  growth process.  
The above theory has important impl ica t ions  concerning cold oro- 
graphic p r e c i p i t a t i o n  processes ,  S ign i f i can t  acc re t iona l  growth of 
i c e  c r y s t a l s  is t o  be expected under condi t ions  of s t eady  s t a t e  cloud 
supe r sa tu ra t ion  only  when t h e  d i f f u s i o n a l  growth r a t e  term i s  l e s s  than 
the  cool ing r a t e  term. I n  o t h e r  words, t he  occurrence of s i g n i f i c a n t  
numbers of rimed c r y s t a l s  r e f l e c t s  an i n e f f i c i e n c y  of t h e  d i f f u s i o n a l  
i c e  growth process  w i th in  t h e  cloud system. S ince  t h e  a c c r e t i o n a l  
growth r a t e  cannot be counted upon t o  make up t h e  t o t a l  d e f i c i t  between 
t h e  vapor supply r a t e  and t h e  d i f f u s i o n a l  growth r a t e ,  s t a t i c  modifi- 
c a t i o n  p o t e n t i a l  is l i k e l y  t o  e x i s t  and w i l l  be crudely de l inea t ed  by 
those meteorological  cond i t i ons  f o r  which s i g n i f i c a n t  a c c r e t i o n  i s  
observed. 
e .  Accre t iona l  Growth i n  t h e  Climax Cloud System 
A s t rong  dependence of a c c r e t i o n a l  growth upon cloud temperature 
f o r  t h e  Climax cloud system i s  shown i n  Figure 5. This  f i g u r e  d e p i c t s  
t h e  percentage of a l l  c r y s t a l s  (columns, pr isms,  p l a t e s ,  s t e l l a r s  and 
dendr i t e s )  rimed f o r  16 d i f f e r e n t  days a t  t he  High A l t i t u d e  Observatory 
. 
and Chalk Mountain ( loca t ed  near  Climax, Colorado) a s  a  func t ion  of cloud 
system temperature.  It is  seen  t h a t  t h e  percentage of c r y s t a l s  rimed on 
both seeded and non-seeded days is  exceedingly small f o r  t h e  co lde r  cloud 
systems, but  i nc reases  r a p i d l y  a s  500 mb temperatures become warmer than 
about -21C t o  -22C f o r  unseeded even t s  and about -16C t o  -17C f o r  seeded 
events .  Th i s  s t rong  dependence of a c c r e t i o n a l  growth upon cloud temper- 
a t u r e  appears  t o  r e f l e c t  t h e  changing e f f i c i e n c y  of t h e  d i f f u s i o n a l  i c e  
growth process  a s  suggested by t h e  theory above. Figure 5 w i l l  be d i s -  
cussed i n  g r e a t e r  d e t a i l  l a t e r  i n  t h e  t e s t i n g  of t h e  phys i ca l  model. 
For now, i t  can be  s a i d  t h a t  a c c r e t i o n a l  growth of i c e  c r y s t a l s  i n  t h e  
Climax cloud may b e  s a f e l y  neglec ted  a t  l e a s t  f o r  t h e  co lder  cloud sys- 
t ems, 
NUMBER OF CRYSTALS IN EACH CLASS 
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Figure 5 .  The onset of s i g n i f i c a n t  accret ional  growth i n  the Climax 
cloud system (measured by the percentage of t o t a l  c r y s t a l s  rimed) 
as  a function of 500 mb temperature. 
f .  The Accelerat ion of Accret ional  Growth 
A f i n a l  poin t  t o  be made i s  t h a t  acc re t iona l  growth of i c e  c r y s t a l s  
i s  a "runaway" process.  This can be seen by d i f f e r e n t i a t i n g  (27) wi th  
r e spec t  t o  time t o  give 
I f  i t  is assumed t h a t  a l l  l i q u i d  water  ly ing  i n  the path of a f a l -  
l i n g  c r y s t a l  w i l l  be  co l l ec ted  and t h a t  t h e  l i q u i d  water  i s  d i s t r i b u t e d  
homogeneously through t h e  cloud system, (29) may be w r i t t e n  
It  is seen t h a t  under these  condi t ions ,  t h e  acce le ra t ion  of accre- 
t i o n a l  growth is  d i r e c t l y  propor t ional  t o  t h e  r a t e  of a c c r e t i o n a l  growth. 
Thus, when a c r y s t a l  begins t o  rime, i t s  f a l l  ve loc i ty  increases  causin; 
a l a r g e r  volume of cloud d rop le t s  t o  be swept out  per u n i t  time. This 
increases  t h e  growth r a t e  of the  c r y s t a l  mass (and rad ius ) ,  which i n  
turn  inc reases  the  acce le ra t ion  of c r y s t a l  growth. This phenomenon 
could have t h e  very important e f f e c t  of c rea t ing  l a r g e  c r y s t a l  growth 
r a t e s  i n  t h e  very lower por t ion  of a cloud system. Braham (1968) 
es t imates  t h a t  under such condi t ions ,  50 percent  of the  t o t a l  c r y s t a l  
growth might occur i n  the  bottom 20 percent  of the  cloud system. 
It  has  been shown i n  t h i s  chapter  t h a t  t h e  onset of s i g n i f i c a n t  
acc re t iona l  growth i n  t h e  cold orographic cloud is  h ighly  dependent upon 
d i f f u s i o n a l  growth r a t e s  present  i n  the  cloud system. I n  t u r n ,  t h e  
d i f f u s i o n a l  growth r a t e  i n  the  cloud system is  mainly con t ro l l ed  by i c e  
c r y s t a l  concentrat ions.  The microphysical processes which con t ro l  the  
number of i c e  c r y s t a l s  growing i n  t h e  cold orographic cloud system a r e  
considered i n  t h e  next  s ec t ion .  
4.  Ice  Crys t a l  Sources i n  Cold Orographic Clouds 
a .  Primary I c e  Nuclei  
Bergeron (1933) suggested t h a t  i c e  c r y s t a l s  growing i n  supercooled 
clouds a t  t h e  expense of evaporat ing cloud d r o p l e t s  might exp la in  t h e  
genes is  of  most ra indrops .  He pos tu l a t ed  t h a t  t h e r e  a r e  p re sen t  i c e  
n u c l e i ,  o r  subl imat ion  n u c l e i  i n  t h e  atmosphere t h a t  a r e  themodynami- 
c a l l y  a c t i v a t e d  and then g r w  by vapor depos i t ion  i n t o  i c e  c r y s t a l s .  It 
i s  genera l ly  agreed t h a t  most of t hese  primary i c e  n u c l e i  a r e  s i l i c a t e  
minera ls ,  p r i n c i p a l l y  of e a r t h  o r i g i n ,  and ranging i n  s i z e  from 0 . 1  t o  
3 microns i n  diameter  (Schaefer ,  1950; Isono,  1955; Kumai, 1961; Byers, 
1965). 
Measurements of t he  number of t hese  primary i c e  n u c l e i  i n d i c a t e  
t h e r e  a r e  s i g n i f i c a n t  s p a t i a l  and temporal v a r i a t i o n s  i n  t h e i r  concen- 
t r a t i o n s .  Moreover, t h e  number of i c e  n u c l e i  a c t i v a t i n g  i n  t h e  atmos- 
phere is s t r o n g l y  dependent upon temperature.  I n  gene ra l ,  most obser- 
va t ions  have i n d i c a t e d  crudely an exponent ia l  r i s e  i n  i c e  n u c l e i  counts 
with decreasing temperature (Kline,  1963). F l e t che r  (1962) suggested a 
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mean a c t i v a t i o n  spectrum could be expressed by t h e  equat ion N = (10 ) 
exp(-0.6T), where T is  i n  degrees Centigrade and N i s  t h e  e f f e c t i v e  
primary i c e  n u c l e i  p e r  l i t e r .  This mean a c t i v a t i o n  spectrum i s  shown i n  
Figure 6 along wi th  an observed a c t i v a t i o n  spectrum from t h e  Elk 
Mountain a r e a  of southern  Wyoming (Veal,  e t  a l . ,  1969). 
Reinking (1970) analyzed i c e  n u c l e i  d a t a  a t  Climax f o r  bo th  seeded 
l 
and non-seeded experimental  days. A l e a s t  squares  exponent ia l  curve 
f i t  t o  t h e  non-seeded d a t a  performed by t h e  au thor  i s  a l s o  shown i n  
Figure 6. Concentrations of effective primary ice nuclei as a function 
of environmental temperature. 
3 0 
Figure 6. I t  was found t h a t  the  average primary i c e  nuc le i  a c t i v a t i n g  
a s  a funct ion  of temperature on t h e  non-seeded days a t  Climax can b e  
-4 
expressed by t h e  equation N = 2.575 (10 ) exp (-0.435T) , where T and N a r e  
a s  defined above. It is seen i n  Figure 6 t h a t  the  s lope  of the  Climax 
spectrum is l e s s  than the  spectrum given by Fle tcher .  A t en fo ld  in-  
c rease  i n  i c e  nuc le i  i s  observed a t  Climax f o r  a 5.3C decrease i n  tem- 
pe ra tu re  compared t o  a 4C decrease i n  temperature f o r  F le t che r ' s  curve, 
A knowledge of the  temperature a c t i v a t i o n  spectrum allows an 
es t imat ion  of the  concentrat ion of i c e  c r y s t a l s  t h a t  w i l l  o r i g i n a t e  i n  
t h e  cloud system from the a c t i v a t i o n  of primary i c e  nuc le i .  However, 
t h e r e  a r e  o the r  ways i n  which the  i c e  phase may be introduced i n t o  a 
supercooled cloud. These secondary i c e  c r y s t a l  sources a r e  considered 
i n  the next  sec t ion .  
b. Secondary I c e  Crys ta l  Sources 
Severa l  researchers  (Tazawa and Magono, 1966; Mossop e t  a l . ,  1967; 
Mossop, 1968; Koenig, 1963, 1968; Braham, 1964; Mossop and Ono, 1969; 
Veal e t  a l . ,  1969; Hobbs, 1969; Grant,  1968; Weinstein and Takeuchi, 
1970) have shown t h a t  concentrat ions of i c e  c r y s t a l s  i n  clouds may 
exceed concentrat ions of primary i c e  nuc le i  measured i n  c l e a r  a i r  below 
I 
I 
clouds. Many of these  observat ions a r e  shown i n  Figure 7, Severa l  pos- 
s i b l e  reasons have been suggested t o  account f o r  t h i s  discrepancy, which 
apparently can a t t a i n  two t o  t h r e e  orders  of magnitude i n  c e r t a i n  cloud 
systems wi th in  t h e  temperature range between -5C t o  -15C. These inc lude  
1 )  t r anspor t  from higher  clouds, 2 )  accumulation of i c e  nuc le i  o r  crys- 
I 
t a l s  a t  a given cloud l e v e l ,  3) nuclea t ion  processes a c t i v e  only i n  1 
n a t u r a l  clouds, and 4) mul t ip l i ca t ion  of c r y s t a l s  o r i g i n a l l y  formed on 
primary i c e  nuc le i  by processes pecu l i a r  t o  n a t u r a l  clouds. 

1 )  Cir rus  Seeding, Accumulation Mechanisms and Counter 
Considerations 
The p o s s i b i l i t y  e x i s t s  t h a t  Ci r rus  clouds might provide a s e e d i n g ,  
mechanism f o r  middle l e v e l  cloud types such as A l t o s t r a t u s  , Altocumulus, 
o r  underlying orographic clouds. This p o s s i b i l i t y  was enhanced by t h e  
f indings  of Braham (1967) and Braham and Spyers-Duran (1967), who found 
t h a t  c e r t a i n  types of c i r r u s  clouds produce c r y s t a l s  t h a t  can survive  up 
I 
t o  20,000 f e e t  of descent i n  c l e a r  a i r .  However, t h e  e f f e c t  of c i r r u s  
seeding on Colorado orographic snowfal l  is thought t o  be q u i t e  minor 
s ince  many v i s u a l  observat ions s u b s t a n t i a t e  t h e  absence of these  pa r t i c -  
u l a r  c i r r u s  type clouds during most of these  episodes. 
Mossop e t  a l .  (1968) considered poss ib le  accumulative mechanisms 
I and concluded these  probably can only enhance i c e  c r y s t a l  concentrat ions 
by a f a c t o r  of t e n  a t  most. This  would not  expla in  t h e  l a r g e r  discrep-  
ancies observed. 
Measurements of primary i c e  nuc le i  i n  i c e  nuc le i  counters a r e  not  
taken under condit ions i d e n t i c a l  t o  n a t u r a l  cloud condit ions.  I n  
p a r t i c u l a r ,  nuclea t ion  processes a r e  time dependent and t h e  p o s s i b i l i t y  
t h a t  many more i c e  n u c l e i  would a c t i v a t e  i n  supercooled clouds than i n  
chamber clouds cannot be  discounted. However, t h i s  e f f e c t  i s  estimated 
t o  be considerably l e s s  than a f a c t o r  of 10 (Warner and Newnham, 1958) 
and again cannot expla in  t h e  l a r g e r  discrepancies observed. 
Roberts and Ha l l e t  (1968) found t h a t  c e r t a i n  mineral  p a r t i c l e s  
r e t a i n  s u f f i c i e n t  adsorbed i c e  a f t e r  evaporation t h a t  they w i l l  grow 
c r y s t a l s  again when moisture i s  suppl ied  a t  h igher  temperatures. This 
e f f e c t  serves  t o  s h i f t  t he  i c e  nuc le i  spectrum toward warmer tempera- 
tu res .  This p reac t iva t ion  of i c e  n u c l e i  could conceivably be  important 
i n  orographic clouds where'snow cover i s  q u i t e  near o r  genera l ly  wi th in  
t he  cloud system. This  pre-ac t iva t ion  c a p a b i l i t y  would not  be  r e a l i z e d  
i n  i c e  nuc le i  counters  where a i r  i s  preheated above f reez ing  before  
t 
en te r lng  the  dhamber. 
2 )  I c e  Crys ta l  Mul t ip l i ca t ion  
Roenig (1968) and Mossop (1970) noted t h a t  t h e  observat ions pro- 
v id ing  s u b s t a n t i a l  support  f o r  t h e  exis tence  of i c e  mul t ip l i ca t ion  mech- 
anisms were mainly confined t o  clouds forming i n  maritime a i r  masses o r  
I 
I 
of t h e  cumulus type. Koenig suggested t h e  occurrence of i c e  mul t ip l ica-  
t i o n  is  r e l a t e d  t o  t h e  coarseness of t h e  cloud d rop le t  spectrum and a l s o  
noted t h a t  i c e  mul t ip l i ca t ion  i s  f requent ly  accompanied by l a r g e  drops 
o r  graupel .  It the re fo re  seems poss ib le ,  t h a t  the  occurrence of i c e  
mul t ip l i ca t ion  may be  r e l a t e d  t o  those cloud condit ions which give r i s e  
t o  the  growth of l a r g e  supercooled d rop le t s ,  and t h a t  t h e  supercooled 
d rop le t s  may p a r t i c i p a t e  d i r e c t l y ,  o r  i n d i r e c t l y  i n  the  mul t ip l i ca t ion  
process. 
While f i e l d  observat ions suggest  the  riming process may con t r ibu te  
i n  some way t o  i c e  c r y s t a l  mul t ip l i ca t ion ,  Mossop (1970) poin ts  t o  t h e  
lack  of labora tory  confirmation, 
The p o s s i b i l i t y  t h a t  t h e  s p l i n t e r i n g  of a  f r eez ing  drop might pro- 
I 
vide  f o r  the  genesis  of i c e  c r y s t a l s  wi th in  a  cloud system has received 
considerable a t t e n t i o n .  Schaefer (1952) , Mason (1956), Langham and 
Mason (1958), Mason and Maybank (1960) found t h a t  a  f r eez ing  drop could 
produce s e v e r a l  small  i c e  fragments under c e r t a i n  condit ions.  However, I 
Dye and Hobbs (1968) and Brownscornbe and Ha l l e t  (1967) have shown t h a t  
many of these  e a r l y  labora tory  r e s u l t s  cannot be t r a n s f e r r e d  t o  the  1 
a c t u a l  atmosphere, and t h a t  water d r o p l e t s  fragment during f r eez ing  only 
under r a t h e r  s p e c i a l  circumstances. 
While these  l a t e r  f indings  have made s p l i n t e r i n g  a  l e s s  a t t r a c t i v e  
theory, Ilobbs and Alkezweeny (1968) have shown t h a t  some 50 t o  100 
micron diameter d rop le t s  do fragment and shed i c e  s p l i n t e r s  under con- 
d i t i o n s  s i m i l a r  t o  n a t u r a l  clouds. 
Another mechanism t h a t  might be important i n  mixed phase clouds is  
t h e  mechanical breakup of d e l i c a t e  i c e  c.rys t a l s  through the  thermal 
shock received when c o l l i d i n g  wi th  and nuclea t ing  supercooled d rop le t s .  
I n  labora tory  experiments Dye and Hobbs (1968) found t h a t  f r a g i l e  i c e  
c r y s t a l s  o f t en  f r ac tu red  i n t o  5  t o  10 p ieces  a f t e r  coming i n t o  contact  
with a  supercooled drop. I f  i c e  c r y s t a l  mul t ip l i ca t ion  does occur by 
t h i s  method, t h e  number of secondary i c e  p a r t i c l e s  produced would 
probably depend upon drop s i z e  d i s t r i b u t i o n  and c r y s t a l  h a b i t  i n  t h e  
cloud as  pointed ou t  by Hobbs (1969). I n  add i t ion ,  i t  should be most 
e f f e c t i v e  a t  cloud temperatures and supersa tura t ions  i n  which f r a g i l e  
c r y s t a l s  a r e  formed. Figure 8  shows the  dependency of c r y s t a l  h a b i t  on 
temperature and cloud supersa tura t ion  according t o  Kobayashi (1961) and 
Mason e t  a l . ,  (1963). 
I t  is  seen t h a t  f r a g i l e  d e n d r i t i c  growth is  favored a t  temperatures 
from -12C t o  -18C and a t  cloud super sa tu ra t ions  i n  excess of water  sa tu-  
r a t ion .  The e f fec t iveness  of t h i s  mul t ip l i ca t ion  process i n  e x t r a c t i n g  
cloud water  would a l s o  be  enhanced when temperatures and supersatura-  
t i ons  associa ted  with f r a g i l e  d e n d r i t i c  growth were p r e s e n t . n e a r  cloud 
top. I n  t h i s  case i n i t i a l  d e n d r i t i c  c r y s t a l  growth would be  q u i t e  rapid  
s ince  t h e  thermodynamic funct ion  i n  the  d i f f u s i o n a l  growth equation is  
l a r g e s t  i n  t h i s  temperature range (and a l s o  f o r  these  low pressures) .  
Thus, t he  p robab i l i ty  of t h e  c r y s t a l  riming and f r a c t u r i n g  during i t s  
longer descent through t h e  cloud system is inc'reased. Should f r a c t u r e  
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F i g u r e  8. Ice  c r y s t a l  h a b i t  r e g i o n s  a s  a  f u n c t i o n  of t e m p e r a t u r e  
and vapor s a t u r a t i o n .  
occur e a r l y  i n  t h e  upper por t ion  of the  cloud system, i t  i s  conceivable 
t h a t  t h e  process might be repeated again.  
Koenig (1968) be l i eves  an i c e  mul t ip l i ca t ion  process involving 
d e n d r i t i c  c r y s t a l s  and l a r g e r  supercooled d rop le t s  may occur s l i g h t l y  
d i f f e r e n t l y .  He suggests  the  c o l l i s i o n  of a  l a r g e  supercooled drop upon 
a  d e n d r i t i c  su r face  would g ive  r i s e  t o  a  l o c a l  a rea  of high supersatu- 
r a t ion .  I n  t h i s  a r e a  f r a g i l e  whisker-type growth could occur f o r  a 
s h o r t  time u n t i l  warming of t h e  i c e  and cooling of t h e  f r eez ing  drop 
reduces the  l o c a l  supersa tura t ion .  He poin ts  ou t  t h a t  t h e  process would 
be inopera t ive  i f  t h e  c r y s t a l  su r face  becomes completely wetted,  and I 
t h a t  add i t iona l  growth by depos i t ion  a f t e r  equil ibr ium is  res tored  would 
probably des t roy  the  f r a g i l e  forms. Thus, a  t imely c o l l i s i o n  wi th  o ther  
hydrometeors (preferably  s o l i d )  may be required f o r  p r o l i f i c  i c e  multi-  
p l i c a t i o n  with t h i s  process.  
I c e  i s  not  a  p a r t i c u l a r l y  weak substance but  c r y s t a l  h a b i t s  a r e  
r e l a t i v e l y  f r a g i l e  and d e l i c a t e  i n  the  temperature range from -20C t o  
- l O C  ( s t e l l a r s  and dendr i t e s ) .  It is  conceivable t h a t  i n  t h i s  tempera- 
t u r e  range where f r a g i l e  c r y s t a l  growth occurs ,  c o l l i s i o n s  may occur 
involving these  d e l i c a t e  c r y s t a l s ,  breaking them i n t o  s e v e r a l  p ieces .  
This process would be  e spec ia l ly  favored i n  clouds where a  po r t ion  of 
the  c r y s t a l s  a r e  rimed, s i n c e  t h i s  would lead t o  l a r g e  r e l a t i v e  veloc- 
i t i e s  between rimed and unrimed c r y s t a l s  and increase  the  p robab i l i ty  of 
c o l l i s i o n s .  Evidence of the  breakup of f r a g i l e  c r y s t a l s  i n  t h e  Climax 
cloud system was reported by Grant (1968) and Brown and Ber to l in  (1969). 
In  colder  orographic cloud systems, these  m u l t i p l i c a t i o n  processes 
probably do not  e x i s t .  This  is  due not  only t o  t h e  appearance of 
s t ronger  c r y s t a l  h a b i t s ,  bu t  a l s o  t o  t h e  g r e a t e r  number of e f f e c t i v e  
primary i c e  nuc le i  growing by vapor d i f f u s i o n  i n  t h e  cloud system. This 
leads  t o  lower cloud super sa tu ra t ion  wi th  smal ler  cloud water  content 
and d rop le t  s i z e s .  The r e s u l t  i s  an increas ing  p r o b a b i l i t y  t h a t  cloud 
d rop le t s  w i l l  no t  a t t a i n  s u f f i c i e n t  s i z e  t o  be  co l l ec ted  by c r y s t a l s ,  
and the re fo re ,  t h a t  riming w i l l  not  p a r t i c i p a t e  d i r e c t l y  o r  i n d i r e c t l y  
i n  the  mul t ip l i ca t ion  of e x i s t i n g  c r y s t a l s .  
I n  summary, i t  appears t h a t  seeding from overlying c i r r u s  clouds 
is  not an important process i n  the  Climax orographic cloud system due t o  
the  low frequency of occurrence of the  p a r t i c u l a r  type of C i r rus  clouds 
capable of a c t i n g  a s  secondary sources of c r y s t a l s .  Continental  type 
cloud n u c l e i ,  combined with r e s t r i c t e d  d rop le t  growth times a v a i l a b l e  i n  
orographic clouds of l imi t ed  geometric ex ten t ,  make the  d rop le t  f r eez ing  
and s p l i n t e r i n g  mechanism even more unl ike ly  t o  be  important i n  t h e  
Climax cloud system. Pre-ac t iva t ion  of i c e  nuc le i  would a l s o  seem t o  be  
genera l ly  unimportant i n  the  Climax cloud system s i n c e  cloud bases 
usual ly  a r e  above most of t h e  mountainous t e r r a i n .  During extremely 
h igh  wind condit ions however, t h i s  phenomenon could conceivably take on 
some importance. 
It does appear t h a t  f r a c t u r i n g  due d i r e c t l y  o r  i n d i r e c t l y  t o  accre- 
t i o n  of supercooled d rop le t s  (thermal shock, whisker growth possibly 
aided by subsequent hydrometeor c o l l i s i o n ,  c o l l i s i o n s  of f r a g i l e  unrim d  'r 
c r y s t a l s ,  probably wi th  h igher  speed rimed i c e  p a r t i c l e s )  a r e  important 
i n  t h e  Climax cloud system under c e r t a i n  l imi t ed  condit ions of tempera- 
t u r e  and supersa tura t ion .  The ne t  r e s u l t  would be  a  n a t u r a l  prec ip i -  
t a t i o n  process considerably more e f f i c i e n t  than one i n  which only p r i -  
mary i c e  nuc le i  were growing by vapor d i f fus ion .  
5. A Model of Weather Modification Potential 
In the development of the conservation and rate equations, the ice 
crystal growth process was not specified. It has been demonstrated, how- 
ever, that significant accretional growth of crystals and crystal multi- 
plication in the Climax cloud is probably limited to some of the warmer 
cloud systems. Even with these warmer cloud systems, crystal replicati'or, 
indicates that acretional growth rarely exceeds the diffusional growth 
of the crystal and ice crystal multiplication is generally a factor of 
ten or less. On this basis, a model of the Climax cloud system is devel- 
oped in this section which incorporates diffusional growth of ice crys- 
tals that originate from activation of primary ice nuclei. 
a. Diffusional Rate of Ice Growth Averaged over Cloud System 
In (16) and (17) the growth rate of ice averaged over the cloud 
segment was expressed as Nc(dm/dt). Assuming only diffusional ice growth 
in the cloud system and using (25), this may be expressed as 
T m  
Nc dt = 8NcrFTF1 
Expanding (31) into volume means and deviations from these means it 
takes the form 
I t  is shown i n  Appendix A t h a t  t h e  combined c o n t r i b u t i o n  of a l l  t h e  1 
dev ia t ion  terms i n  probably never  more than 25 percent  of t h e  mean term, 
and f r equen t ly  may be  l e s s  than 10 percent .  Thus, t h e  e r r o r  involved i n  
computing t h e  average d i f f u s i o n a l  growth r a t e  of i c e  using only t h e  mean 
term, is no g r e a t e r  t han  t h e  inhe ren t  unce r t a in ty  p re sen t  i n  using t h e  
t h e o r e t i c a l  growth equat ion i t s e l f .  Therefore,  (32) may be  w r i t t e n  t o  
a f i r s t  approximation a s  
b. Rate  of Condensation Averaged over  t h e  Cloud System 
The term desc r ib ing  t h e  r a t e  of condensation averaged over t h e  
cloud system i n  (16) and (17) can be w r i t t e n  
i f  t h e  small d e v i a t i o n  q u a n t i t i e s  of dens i ty  a r e  neglec ted ,  
Th i s  is a reasonable  s i m p l i f i c a t i o n  s i n c e  cold orographic clouds gener- 
a l l y  have l imi t ed  v e r t i c a l  ex t en t  i n  t h e  Climax a rea .  
The dev ia t ion  term i n  (34) i s  a l s o  neglec ted  through t h e  following 
argument. The assumption t h a t  h o r i z o n t a l  temperature g r a d i e n t s  a r e  
smal l  and may be  neglec ted ,  a l s o  impl ies  t h a t  h o r i z o n t a l  v a r i a t i o n s  of 
ar /ap a r e  n e g l i g i b l y  small. V e r t i c a l  v a r i a t i o n s  of ar l a p  a r e  a l s o  
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r a t h e r  smal l  and moreover, maximum upward speeds tend t o  be  p re sen t  
nea r ly  midway i n  t h e  cloud system, s o  t h a t  p o s i t i v e  and nega t ive  cor re-  
l a t i o n s  of t hese  dev ia t ion  q u a n t i t i e s  tend t o  cance l  i n  a v e r t i c a l  
summat ion. 
The r a t e  of condensation averaged over  t h e  co ld  orographic cloud 
system may t h e r e f o r e  be  w r i t t e n  t o  a f i r s t  approximation as 
Equation 35 s t a t e s  t h a t  t h e  r a t e  of condensation averaged over t h e  
. I 
cloud segment may be est imated by considering a p a r c e l  of u n i t  volume 
moving wi th  the  mean v e r t i c a l  motion of t h e  cloud system and conserving 
t h e  mean equiva len t  p o t e n t i a l  temperature of t h e  cloud systein. 
c .  Re la t ion  of I c e  Crys t a l s  t o  P r e c i p i t a t i o n  Ef f i c i ency  
A pointed out  prev ious ly ,  a reasonable goa l  i n  seeding cold oro- 
graphic  c louds ,  cons ider ing  p re sen t  technology, is t o  br ing  about an i c e  
growth r a t e  equal  t o  t h e  condensation r a t e  when averaged over  t h e  cloud 
segment. This  des i r ed  cond i t i on  i s  expressed by equat ing (33)  and (35)  
t o  g i v e  
Solving f o r  t h e  ave rage l i ce  c r y s t a l  concent ra t ion  y i e l d s  
/ 
- 
where Nco i s  t h e  optimum number of i c e  c r y s t a l s  pe r  u n i t  volume needed 
t o  b r ing  about t h e  above equivalency. 
d ,  Est imation of Actual  I c e  C r y s t a l  Concentrat ions 
Equation 36 provides e s t ima te s  of optimum i c e  c r y s t a l  concent ra t ions  
needed t o  provide f o r  a s u f f i c i e n t  r a t e  of cloud water  e x t r a c t i o n  
through d i f f u s i o n a l  growth of c r y s t a l s .  Then, i f  n a t u r a l  concent ra t ions  
of i c e  c r y s t a l s  i n  t h e  cloud system can be es t imated ,  t h e  two concentra- 
I 
t i o n s  can be  compared t o  determine i f  a s u f f i c i e n t  n a t u r a l  supply is  
present .  
It has  a l ready  been demonstrated t h a t  t h e  number of primary i c e  
n u c l e i  a c t i v a t i n g  i n  t h e  cloud system is an  exponent ia l  func t ion  of 
temperature.  This  r e l a t i o n s h i p  i s  powerful i n  t h a t  n decrease  of about 
5.3 degrees C of temperature w i l l  cause the  number of primary i c e  n u c l e i  
t h a t  a c t i v a t e  t o  i nc rease  t en fo ld .  Therefore ,  i c e  c r y s t a l  concent ra t ions  
i n  t h e  cloud system, i n  t h e  absence of m u l t i p l i c a t i o n  processes ,  i s  
determined l a r g e l y  by t h e  co lder  cloud reg ions  where condensation occurs  
(near cloud top) .  
Through a  knowledge of t h e  temperature a c t i v a t i o n  spectrum of p r i -  
mary i c e  n u c l e i ,  an e s t ima te  of t h e  v e r t i c a l  d i s t r i b u t i o n  of i c e  c r y s t a l  
genera t ion  wi th in  t h e  cloud system can be  obtained.  It i s  assumed t h a t  
i c e  c r y s t a l s  s e t t l e  through t h e  cloud system from t h e i r  po in t s  of o r i g i n ,  
being jo ined  by o t h e r  c r y s t a l s  generated lower down, s o  t h a t  i c e  c r y s t a l  
concent ra t ions  inc rease  s l i g h t l y  from cloud top  t o  cloud base.  For an  
orographic cloud system wi th  a  decrease  of about 16 degrees C from cloud 
base t o  cloud top  ( r e p r e s e n t a t i v e  of Climax c loud) ,  about 90 percent  of 
a l l  i c e  c r y s t a l  genera t ion  i s  i n  t h e  upper t h i r d  of t he  cloud,  9 percent  
i n  t h e  middle t h i r d  and 1 percent  i n  t h e  lower t h i r d .  It fol lows t h a t  
a  v e r t i c a l  averaging of i c e  c r y s t a l  concent ra t ions  from cloud base  t o  
cloud top  g ives  a  mean i c e  c r y s t a l  concent ra t ion  f o r  t h e  cloud equal  t o  
about 0.96 t imes t h e  primary i c e  n u c l e i  concent ra t ion  t h a t  a c t i v a t e s  a t  
t h e  temperature of t h e  cloud top. 
A gene ra l  equat ion f o r  t h e  mean i c e  c r y s t a l  concent ra t ion  i n  t h e  
cloud segment f o r  non-seeded condi t ions  can t h e r e f o r e  be expressed a s  
where T is  cloud top  temperature,  t h e  mean r a t i o  of i c e  c r y s t a l  
c  t C 
concent ra t ion  t o  i c e  n u c l e i  concent ra t ion  f o r  t he  cloud segment, and 
A and B a r e  c o e f f i c i e n t s  genera ted  by curve f i t t i n g  t h e  temperature a c t i -  
va t ion  spectrum of primary i c e  n u c l e i  w i th  an exponent ia l  func t ion .  A l l  
q u a n t i t i e s  a r e  eva lua ted  f o r  non-seeded condi t ions .  
An expression s i m i l a r  t o  (37) can be  der ived  f o r  seeded condi t ions  
where c o e f f i c i e n t s  now desc r ibe  t h e  temperature a c t i v a t i o n  spectrum of 
i c e  n u c l e i  under seeded cond i t i ons ,  and R may be  d i f f e r e n t  i n  t h i s  ca se  
C 
due t o  t h e  e f f e c t  of seeding upon i c e  c r y s t a l  m u l t i p l i c a t i o n .  Cloud 
top  temperature during seeded cond i t i ons  may a l s o  be d i f f e r e n t  than f o r  
non-seeded condi t ions  due t o  a f f e c t i n g  changes i n  buoyancy and l a t e n t  
hea t  r e l ea se .  
e.  Est imation of I c e  Crys t a l  Deficiency 
I f  (36) is sub t r ac t ed  from (37) t h e  excess  o r  d e f i c i t  of i c e  crys- 
t a l s  i n  t h e  cloud system, abqut t h e  number requi red  t o  maxsmi-ze cloyd 
water u t i l i z a t i o n  may be  determined by 
f .  P r e c i p i t a t i o n  Equations 
I t  is  seen  from (16) t h a t  t h e  average p r e c i p i t a t i o n  r a t e  of t h e  
orographic cloud segment is given by t h e  average vapor supply r a t e  minus 
t h e  average evaporat ion r a t e s  of l i q u i d  water  and i c e  p a r t i c l e s  i n  t h e  
cloud segment. While t h e  l o s s  due t o  evaporat ion of l i q u i d  water may be 
e l imina ted  by cloud seeding ,  gene ra l ly ,  t h e r e  w i l l  probably be  some l o s s  
due t o  evapora t ion  of i c e  c r y s t a l s  below cloud base  o r  i n  t h e  cloud e x i t  
region. I n  t h i s  event ,  t h e  complete conversion of t o t a l ' v a p o r  suppl ied 
I 
i n  t h e  cloud segment t o  snowfal l  on t h e  mountain is  not  l i k e l y  t o  be 
realized even with proper seeding. Therefore, it is possible to define 
an "ov~ilable" rate of vapor supply for the cloud segment, which is 
I 
equal to the "total" rate of vapor supply minus the evaporative rate of 
ice crystals. 
For simplification, it is now assumed that loss due to evaporation 
of ice crystals is small compared to the total vapor supplied and can be 
neglected as a first approximation. From (16) the average non-seeded 
precipitation intensity of the orographic cloud segment is given by 
where Az is cloud thickness and all quantities are evaluated for non- 
seeded conditions. The multiplication by cloud thickness serves to 
express precipitation in more familiar units (cm H O/sec). 2 
Equation 40 allows the precipitation rate to equal the vapor supply 
rate when the ice growth rate is efficient, However, the precipitation 
rate becomes equal to the ice growth rate if the diffusional ice pro- 
cess becomes inefficient. 
A similar precipitation equation for seeded conditions can be 
written 
a r ---- 2 s  
Az) if (8NcrFTFl)s (-up- ) 
ap s 
where all quantities 'are evaluated for seeded conditions. This equation 
is general in that possible changes due to seeding in the mean vertical 
motion, mean cloud density, cloud top temperature, mean crystal size and 
mean ventilation factor are included. 
g. Potential for Modification 
The static modification potential (S.M.P.) can be defined as the 
difference in the natural vapor supply rate and the natural precipitation 
rate. This can be expressed by subtracting (40) from (35) or 
V L --  S ---- S.M.P. = ( - u p ~  A z ) ~ ~  - (8NcrFTF1 Wns 
where all quantities are evaluated for natural conditions. 
The dynamic modification potential (D.M.P.) may be defined as the 
difference in the seeded and natural vapor supply rates, or 
where the quantities are evaluated for natural and seeded conditions. 
The total weather modification potential (T.W.M.P.) is the sum of 
the static and dynamic modification potentials or 
0 1 ---- 
T.W.M.P. = ( - ~ c ~ A z ) ~  - (8NcrF F 
ap T 1 
h. Overseeding and Validity of Model Equations 
It is important to understand, the model equations are derived 
solely by considering the efficiency of the cold cloud ice process. It 
has been tacitly assumed, for the most part, that if cloud efficiency is 
improved by seeding, it will be reflected in improved precipitation 
efficiency. This is not necessarily the case. It is conceivable that 
precipitation efficiency may be impaired by seeding, while simultane- 
ously cloud efficiency is unchanged or even improved. This could occur 
by lowering cloud supersaturation, which in turn, brings about adverse 
changes in crystal trajectories that result in ice crystals not reaching 
the mountain surface. In general, the rate of ice growth in the cloud 
segment cannot be increased by seeding without lowering cloud super- 
saturation to a new steady state value (28). Thus, crystal sizes and 
possibly crystal fall speeds may be reduced. If the crystals continue 
to reach the mountain, cloud and precipitation efficiencies are both 
increased. If the crystals now have trajectories over the mountain bar- 
rier, precipitation efficiency is reduced. Under the latter condition 
(overseeding), the model precipitation and potential equations have no 
physical meaning and are consequently, physically invalid. Also, under 
this condition of overseeding, loss due to evaporation of ice crystals 
is no longer small compared to the total vapor supplied, and the assump- 
tion underlying the model precipitation and potential equations no longer 
holds, 
i. Optimum Ice Crystal Concentration 
It follows then, the optimum ice crystal concentration accociated 
with the maximum utilization of cloud water is not single-valued, since 
crystal radius cannot be considered constant. For a specified updraft 
speed, crystal size will adapt to changing cloud supersaturation as 
concentrations of growing crystals vary in the cloud system. 
There are boundary conditions that confine desired adjustments be- 
tween crystal size and concentration within the cold orographic cloud. 
These boundary conditions are mainly a function of cloud temperature and 
the speed of the air flow through the cloud system. The effect of cloud 
temperature may be considered by assuming that the speed of the air flow 
is small, so that cloud residence times for crystals are quite large. 
In this case, overseeding would be limited to the very coldest cloud 
systems and be associated with very small crystal sizes. Under this 
cond i t i on  of very  cold cloud temperatures  and l a r g e  c r y s t a l  concentra- 
t i o n s ,  a  po in t  i s  even tua l ly  reached where reduct ion  of c r y s t a l  s i z e  and 
s e t t l i n g  speed through seeding can make t h e  d i f f e r e n c e  between c r y s t a l s  
reaching t h e  mountain a s  p r e c i p i t a t i o n ,  o r  being c a r r i e d  i n t o  t h e  sub- 
s i d i n g  a i r s t r eam t o  t h e  l e e  of t h e  mountain. Thus, seeding might be  
expected t o  reduce p r e c i p i t a t i o n  a t  t h e s e  co ldes t  cloud temperatures ,  
nea r ly  i r r e s p e c t i v e  of t h e  speed of t h e  wind flow through t h e  cloud. 
On t h e  o t h e r  hand, i t  is  conceivable  t h a t  when h igh  wind speeds 
coex i s t  w i th  t h e  l imi t ed  geometry of some orographic c louds ,  overseeding 
may occur a t  warmer cloud temperatures .  This  could happen i f  t h e  sma l l  
res idence  times under t hese  cond i t i ons  produced smal l  c r y s t a l s ,  whose 
s e t t l i n g  speeds were ba re ly  p lac ing  them on t h e  mountain. I n  t h i s  event ,  
seeding could i n c r e a s e  c r y s t a l  concent ra t ions  and t h e r e f o r e ,  t h e  average 
r a t e  of i c e  growth by vapor d i f f u s i o n  i n  t h e  cloud system. This  would 
lead t o  lower cloud supe r sa tu ra t ion  and could cause a  r educ t ion  of i nd i -  
v idua l  c r y s t a l  s i z e s  and f a l l  speeds below those  requi red  t o  p l ace  t h e  
c r y s t a l s  on t h e  mountain. Th i s  l a t t e r  case  is  one i n  which, i t  is  pos- 
s i b l e  t o  improve t h e  e f f i c i e n c y  of t h e  cloud system, but  no t  have t h i s  
improved cloud e f f i c i e n c y  r e a l i z e d  a t  t h e  s u r f a c e  i n  t h e  form of in- 
creased p r e c i p i t a t i o n .  Under t hese  cond i t i ons ,  (36) has  no phys i ca l  
i n t e r p r e t a t i o n  i n  terms of p r e c i p i t a t i o n  e f f i c i e n c y .  
I n  t h e  absence of extremely high wind speeds,  however, t h e r e  i s  
probably a  range of optimum i c e  c r y s t a l  concent ra t ions  t h a t  e f f i -  
c i e n t l y  convert  t h e  vapor suppl ied t o  i c e  growth i n  t h e  cloud,  and i n  a  
form s o  t h a t  i t  i s  r e a l i z e d  a s  p r e c i p i t a t i o n  on t h e  mountain. Within 
t h i s  range of optimum i c e  c r y s t a l  concent ra t ions ,  t h e r e  i s  a p o s s i b i l i t y  
of t a r g e t i n g  snowfal l  on t h e  mountain through seeding,  whi le  maintaining 
p r e c i p i t a t i o n  e f f i c i e n c y .  T h e o r e t i c a l l y ,  t h i s  would be  p o s s i b l e  by 
producing v a r i a t i o n s  i n  c r y s t a l  s i z e  through c o n t r o l l i n g  cloud 
supe r sa tu rn t ion .  Other p o s s i b i l i t i e s  of t a rge t ing  snowfa l l  by seeding 
inc lude  changing t h e  amount of c r y s t a l  riming through c o n t r o l  of cloud 
supe r sa tu ra t ion ,  and c o n t r o l l i n g  agglomeragion. These concepts have 
been d iscussed  i n  r e l a t i o n  t o  o the r  type cloud systems by J u i s t o  (1968) 
and Weickmann (1970) . 
It  is apparent  from (36) ,  i f  cloud system geometry is  s p e c i f i e d  
(base and t o p ) ,  s o l u t i o n s  can be computed f o r  va r ious  upward speeds 
and c r y s t a l  r a d i i  a s  a  func t ion  of cloud system temperature.  I f  i t  is  
assumed t h a t  t h e  convect ive s t a b i l i t y  of t h e  cloud l a y e r  i s  nea r ly  
n e u t r a l  wi th  r e spec t  t o  moist convect ion,  t hese  s o l u t i o n s  can be 
expressed a s  a  func t ion  of temperature a t  any l e v e l  of t h e  cloud 
system. The p a r t i c u l a r  l e v e l  chosen he re  is  t h e  500 mb su r f ace .  
Figure 9 shows s o l u t i o n s  t o  (36) f o r  upward speeds of 12 cm/sec 
and 36 cm/sec, and c r y s t a l  r a d i i  of 125 microns and 375 microns. The 
cloud base and top  were assumed t o  be 650 mb and 460 mb, r e spec t ive ly .  
Values of 1.30 and 1.64 were assigned t h e  v e n t i l a t i o n  f a c t o r  f o r  
c r y s t a l  r a d i i  of 125 microns and 375 microns, r e spec t ive ly .  
Figure 9 i n d i c a t e s  t h a t  a t  co lder  cloud temperatures t h e  requi red  
concent ra t ions  of i c e  c r y s t a l s  nea r ly  s t a b i l i z e  f o r  a  g iven  c r y s t a l  
s i z e  and upward speed. This  s t a b i l i z a t i o n  r e f l e c t s  t h e  reg ion  where 
the amount of moisture suppl ied  decreases  w i th  temperature a t  n e a r l y  
t he  same r a t e  a s  t he  capac i ty  of t h e  c r y s t a l  t o  grow. The optimum 
concent ra t ion  of i c e  c r y s t a l s  becomes inc reas ing ly  l a r g e r  f o r  a  
given c r y s t a l  s i z e  and upward speed a s  cloud temperatures  become 
warmer. This  i s  due t o  i nc reas ing  cloud water  supply r a t e s  a t  t h e s e  
warmer temperatures  coupled wi th  s lower c r y s t a l  growth r a t e s ,  which 
r e s u l t s  i n  an inc reas ing  need f o r  more i c e  c r y s t a l s  t o  u t i l i z e  t h e  
cloud water.  
The d i f f e r e n c e  i n  a c t u a l  and optimum i c e  c r y s t a l  concent ra t ions  
may a l s o  be computed a s  a func t ion  of cloud system temperature f o r  
var ious  upward speeds and c r y s t a l  r a d i i  i f  cloud geometry i s  s p e c i f i e d .  
S p e c i f i c  s o l u t i o n s  t o  (39) a r e  shown i n  Figure 10. These curves were 
generated assuming a one t o  one correspondence between i c e  c r y s t a l  con- 
c e n t r a t i o n  and i c e  n u c l e i  concent ra t ion  (R = I ) ,  and by i n s e r t i n g  t h e  
C 
time-averaged temperature a c t i v a t i o n  spectrum of primary i c e  n u c l e i  
observed f o r  non-seeded experimental  days a t  Climax. 
It i s  seen from Figure 10,  f o r  a mean upward speed of 12 cm/sec 
and a mean c r y s t a l  r a d i u s  of 125 microns, t h e  conversion of cloud water  
t o  i c e  i s  e f f i c i e n t  up t o  a 500 mb temperature of about -20C (where t h e  
s p e c i f i e d  curve c rosses  t h e  zero de f i c i ency  a x i s ) .  For 500 mb tempera- 
t u r e s  warmer than -20C, i c e  c r y s t a l  concent ra t ions  a r e  below t h e  number 
needed t o  ensure an  e f f i c i e n t  cold cloud p r e c i p i t a t i o n  process .  The 
d e f i c i t  reaches about 35 c r y s t a l s  pe r  l i t e r  a t  a 500 mb temperature of 
-1oc. 
It  i s  a l s o  noted t h a t  t r i p l i n g  t h e  mean upward speed i n  t he  cloud 
system s h i f t s  t h e  warmest temperature,  f o r  which t h e  d i f f u s i o n a l  i c e  
growth process  i s  e f f i c i e n t ,  about 2 degrees C toward co lde r  temperatures.  
Thus, cloud top  temperature dominates over t he  mean upward speed of t h e  
cloud system i n  c o n t r o l l i n g  t h e  a v a i l a b i l i t y  of S.M.P. However, t h e  
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Figure 9. Relationship of ice crystal concentration, ice crystal 
size, vertical motion and 500 mb temperature which optimizes 
the efficiency of cloud water utilization, Cloud base and top 
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Figure 10. The difference between natural and optimum ice crystal 
concentrations for various crystal sizes and upward speeds as a 
function of 500 mb temperature. Cloud base and top are assumed 
to be 650 mb and 460 mb, respectively. 
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mean upward speed of t h e  cloud segment becomes q u i t e  important  i n  
de f in ing  t h e  magnitude of S.M.P., once i t  has  been determined t o  e x i s t  
a t  a l l .  I 
1. Descr ip t ion  of Weather Modif icat ion P o t e n t i a l  Model 
A system of equat ions  has  been developed which g i v e s  express ions  
f o r  t h e  fol lowing q u a n t i t i e s :  
(1) Average vapor supply r a t e  
(2)  Average d i f f u s i o n a l  growth r a t e  of i c e  
(3) Average n a t u r a l  i c e  c r y s t a l  concent ra t ion  
(4) Optimum i c e  c r y s t a l  concent ra t ion  
(5) I c e  c r y s t a l  concent ra t ion  r equ i r ed  by t h e  cloud t o  b r i n g  t h e  
d i f f u s i o n a l  i c e  process  t o  f u l l  e f f i c i e n c y  
(6) Average n a t u r a l  p r e c i p i t a t i o n  r a t e  
(7) Average seeded p r e c i p i t a t i o n  r a t e  
(8) S t a t i c  modi f ica t ion  p o t e n t i a l  
(9) Dynamic modi f ica t ion  p o t e n t i a l  
(10) T o t a l  weather modi f ica t ion  p o t e n t i a l  
This  system of equat ions desc r ibes  a very  simple type  of orographic 
cloud system, i . e . ,  one i n  which t h e  i c e  process  i s  paramount i n  over- 
coming t h e  m i c r o s t a b i l i t y  of t h e  cloud,  and t h e  d i f f u s i o n a l  growth of 
i c e  c r y s t a l s  i s  t h e  predominate cloud process  producing p r e c i p i t a t i o n .  
A s imple cloud geometry was imposed f o r  t h e  model development, consis-  
t i n g  of a h o r i z o n t a l  cloud base and cloud top ,  A s t eady  s t a t e  condi t ion  
was a l s o  imposed, and l o c a l  and h o r i z o n t a l  advec t ive  temperature changes 
wi th in  the  cloud system were neglec ted .  The l e s s  r igorous  requirement,  
t h a t  b a s i c  equat ions b e  s a t i s f i e d  when averaged over  t h e  cloud system, 
averaged over  t h e  cloud segment, However, w i th  t h e  cloud geometry im- 
l e d  t o  t h e  r e a l i z a t i o n  t h a t  mean cloud q u a n t i t i e s  would probably des- 
c r i b e  s a t i s f a c t o r i l y  t h e  o v e r a l l  cloud processes .  
I n  t h i s  model t h e  vapor supply r a t e  i s  determined by t h e  mean ver- 
t i c a l  motion, mean temperature and mean equiva len t  p o t e n t i a l  temperature 
of t h e  cloud segment. This  vapor supply r a t e  i s  d iv ided  by t h e  growth 
posed i n  t h e  model development, i t  fol lows t h a t  a l l  q u a n t i t i e s  i n  t h e  
b a s i c  equat ions  have only  v e r t i c a l  v a r i a t i o n s  except f o r  t h e  v e r t i c a l  
r a t e  of a s i n g l e  i c e  c r y s t a l  t o  determine t h e  optimum i c e  c r y s t a l  con- 
c e n t r a t i o n  needed f o r  maximum conversion of cloud water  t o  i c e  form. 
. 
The n a t u r a l  i c e  c r y s t a l  concent ra t ion  i s  est imated from t h e  a c t i v a t i o n  
of primary i c e  n u c l e i ,  t h e  l a t t e r  being a func t ion  of cloud top  tempera- 
t u re .  The optimum i c e  c r y s t a l  concent ra t ion  i s  sub t r ac t ed  from t h e  
n a t u r a l  i c e  c r y s t a l  concen t r a t ion ,  t h e  d i f f e r e n c e  being t h e  d e f i c i t  of 
c r y s t a l  concent ra t ion  below t h a t  needed t o  e f f i c i e n t l y  e x t r a c t  t h e  
l i q u i d  water  forming i n  t h e  cloud segment and convert  i t  i n t o  i c e  growth. 
Natura l  and seeded p r e c i p i t a t i o n  r a t e s  i n  t h i s  model a r e  g iven  by 
t h e  a v a i l a b l e  vapor supply r a t e ,  o r  t h e  r a t e  of i c e  growth by vapor 
d i f f u s i o n ,  whichever i s  sma l l e s t .  The S.M.P. is der ived  by sub t r ac t ing  
the  n a t u r a l  r a t e  of i c e  growth from t h e  a v a i l a b l e  n a t u r a l  vapor supply 
r a t e ,  t h e  d i f f e r e n c e  being an increment of p o t e n t i a l  p r e c i p i t a t i o n  r a t e .  
The D.M.P. is  der ived  by s u b t r a c t i n g  t h e  a v a i l a b l e  vapor supply r a t e  f o r  
t h e  n a t u r a l  cloud from t h a t  of t h e  seeded cloud,  t h e  d i f f e r e n c e  aga in  I 
being an increment of p o t e n t i a l  p r e c i p i t a t i o n  r a t e .  The sum of t h e s e  
two p o t e n t i a l  p r e c i p i t a t i o n  r a t e s  g i v e s  t h e  T.W.M.P. f o r  t h e  cloud 
segment. 
It was noted i n  t h e  model development t h a t  t h e  b a s i c  equat ions were 
motion. Thus, t h e  model a l lows f o r  h o r i z o n t a l  v a r i a t i o n s  i n  p r e c i p i t a -  
t i o n  due t o  d i f f e r e n c e s  i n  t h e  upward speed i n  va r ious  po r t ions  of t h e  
cloud system. 
k. Quan t i t i e s  Representa t ive  of Climax Cloud System 
Representa t ive  e s t ima te s  of some of t h e  q u a n t i t i e s  appearing i n  
t h e  system of equat ions  can be accomplished f o r  t h e  Climax cloud system. 
C r y s t a l  r e p l i c a t i o n  g ives  t h e  information needed t o  e s t i m a t e  mean crys- 
t a l  s i z e s  i n  t h e  Climax cloud system. The r e p l i c a t e d  d a t a ,  however, 
g i v e s  f i n a l  c r y s t a l  s i z e  and no t  t h e  mean of t h e  cloud system. A f u r t h e r  
complicat ion i s  t h e  f a c t  t h a t  cons iderable  c r y s t a l  growth occurs  before  
app rec i ab le  f a l l  v e l o c i t i e s  develop i n  t h e  upper po r t ions  of t h e  cloud. , 
Considering these  f a c t o r s ,  t h e  mean c r y s t a l  r a d i u s  i s  es t imated  t o  be 1 
125 microns from Figure 3,  and a  s l i g h t  dependency upon cloud temperature 
is  neglec ted .  With a va lue  f o r  t h e  mean c r y s t a l  s i z e ,  t h e  mean v e n t i l a -  
t i o n  f a c t o r  can be  computed from (23) and is taken t o  be 1 . 3  f o r  t h e  
Climax cloud. 
The c o e f f i c i e n t s  i n  t h e  express ions  f o r  seeded and non-seeded mean 
I 
i c e  c r y s t a l  concent ra t ions  a r e  eva lua ted  from i c e  n u c l e i  d a t a  observed 
a t  t h e  High A l t i t u d e  Observatory (HAO) of t h e  Univers i ty  of Colorado, 
l oca t ed  a t  approximately 11,300 f t .  m s l  w i t h i n  t h e  primary t a r g e t  a r e a ,  
This  e l e v a t i o n  i s  gene ra l ly  about 1000 f t  below cloud base  dur ing  pre- 
c i p i t a t i o n  occurrence i n  t h e  a r e a ,  The exac t  r e l a t i o n s h i p  between p r i -  
mary i c e  n u c l e i  observa t ions  taken a t  HAO, and those  e x i s t i n g  w i t h i n  t h e  
cloud system is  not  known. However, i t  is  seen i n  (45) and (46) t h a t  
t h e  temperature a c t i v a t i o n  s p e c t r a  a r e  s i g n i f i c a n t l y  d i f f e r e n t  on non- 
seeded and seeded days,  I t  is  be l ieved  these  observa t ions  provide f o r  
a reasonable  e s t ima te  of t h e  a c t i v a t i o n  of primary i c e  n u c l e i  i n  t h e  
1 
I " 
cloud system. The mean i c e  c r y s t a l  concent ra t ions  f o r  non-seeded con- , 
d i t i o n s  a r e  g iven  by 
and f o r  seeded condi t ions  
(5) = [r c (0.254) exp (-0. 217Tct) 1 
+ I  
The mean d e n s i t y  and mean v e r t i c a l  g r a d i e n t  of s a t u r a t i o n  mixing 1 
r a t i o  a r e  e a s i l y  determined a s  a  func t ion  of cloud temperature when 
cloud geometry is s p e c i f i e d .  The mean temperature func t ion ,  FT is ! 
I 
evaluated by choosing the  func t ion  corresponding t o  a  mean p re s su re  of 
600 mb and i n t e g r a t i n g  wi th  r e spec t  t o  temperature from cloud top  t o  
cloud base. Th i s  i n t e g r a t i o n  is  performed, s i n c e  i n  t he  model about 90 
percent  of a l l  c r y s t a l s  a r e  generated i n  t he  upper t h i r d  of t h e  cloud 
system and consequently,  t h e i r  growth r a t e  dependency upon temperature 
should be i n t e g r a t e d  downward through t h e  cloud system, This  i n t eg ra -  
t i o n  over  t h e  v e r t i c a l  range of cloud temperature y i e l d s  a mean thermo- 
dynamic func t ion ,  whose va lues  f l u c t u a t e  w i th  changing cloud system 
temperatures ,  less than t h e  thermodynamic func t ion  v a r i e s  w i t h  ind iv idua l  
temperatures.  The mean thermodynamic func t ion  the re fo re ,  is not  over ly  
s e n s i t i v e  t o  i nd iv idua l  va lues  of t h e  func t ion  a t  s p e c i f i c  temperatures.  
It should be  pointed out  t h a t  t h e  dua l  func t ion ,  Nc(dm/dt)d i n  t h e  
model is con t ro l l ed  mainly by t h e  i c e  c r y s t a l  concent ra t ion  term, and 
is not  very  s e n s i t i v e  t o  t h e  growth r a t e  of an  i n d i v i d u a l  c r y s t a l ,  The 
dec i s ion  t o  u se  t h e  t h e o r e t i c a l  growth equat ion and t o  neg lec t  the 
dev ia t ion  terms i n  (32) is t h e r e f o r e  no t  c r u c i a l  t o  t h e  f i n a l  workings 
of t h e  model. This  can b e  i l l u s t r a t e d  i n  F igure  11, I f  i t  i s  assumed 
t h a t  t h e  d i f f u s i o n a l  growth r a t e  of an  i n d i v i d u a l  c r y s t a l  is  
underestimated by a f a c t o r  of two a t  a l l  temperatures ,  t h e  o v e r a l l  e f f e c t  
I is t o  s h i f t  t h e  i c e  growth r a t e  curve toward warmer temperatures  by an , 
1 
increment of only 1.5 degrees C. This  same e f f e c t  could be  produced I 
I 
through t h e  i c e  c r y s t a l  concent ra t ion  term, by r a i s i n g  t h e  cloud top  
he igh t  by about 1 3  mb. 1 
I 
On t h i s  b a s i s  a t h i r d  degree polynomial f i t  t o  t h e  thermodynamic 1 
func t ion  was determined t o  f a c i l i t a t e  computations. This  express ion  , 
I was found t o  be  
I FT(600 mb) = .0301010 - ,6269965T - , 0 2 4 7 0 2 6 ~ ~  - , 0 0 0 2 3 8 8 ~ ~  (47) 1 
1 
This  completes t h e  development of model equat ions.  Before t e s t i n g  1 
I 
t he  model w i th  r e s u l t s  of t h e  Climax and Wolf Creek Pass  cloud seeding ' 
experiments,  t h e  next  chapter  is  devoted t o  a b r i e f  summary of t hese  
experiments and t h e  d a t a  samples obtained,  
CHAPTER 111 
EXPERIMENTAL DATA AND PROCEDURES 
1. The Climax Experiment I 
A s tudy of t h e  p r e c i p i t a t i o n  processes  t h a t  accompany c e n t r a l  
i 
I 
Colorado mountain snowfa l l  was begun i n  1959 a t  Colorado S t a t e  Univers i ty .  
A systems approach was used which provided observa t ions  necessary f o r  a 
phys i ca l  eva lua t ion  of t he  experiment. The experimental  a r e a  was along 
t h e  Cont inenta l  Divide i n  c e n t r a l  Colorado i n  t h e  v i c i n i t y  of Climax, 
Colorado. An important p a r t  of t h i s  i n v e s t i g a t i o n  included a s tudy  of 
t h e  p o s s i b i l i t i e s  of b e n e f i c i a l l y  modifying t h e  n a t u r a l  p r e c i p i t a t i o n  
process .  
The Climax experiment has  been discussed by Grant (1960), Grant and 
Schleusener (1961), and Grant and Mielke (1967). A d e t a i l e d  review of 
t h e  Climax experiment i s  g iven  i n  Appendix C ,  The experiment was random- 
i zed  wi th  a 24-hour sampling u n i t .  Eight s tandard  Weather Bureau s t a -  
t i o n s  l oca t ed  southwest through northwest t o  no r th  of t h e  experimental 
s i t e  a r e  used a s  c o n t r o l  s t a t i o n s .  The c r i t e r i a  of an experimental  day 
was t h a t  a t  l e a s t  . O 1  inches  of p r e c i p i t a t i o n  be  fo recas t ed  during a 
24-hour sampling u n i t  a t  Leadv i l l e ,  Colorado, accompanied by a 500 mb 
wind d i r e c t i o n  between 210 degrees and 360 degrees ,  i n c l u s i v e .  This  fore- 
I 
c a s t  was prepared by t h e  United S t a t e s  Weather Bureau i n  Denver. Six 
I 
Colorado S t a t e  Univers i ty  modified Skyf i r e ,  needle-type ground genera tors  
were used f o r  seeding using a seeding r a t e  of about 20 grams of s i l v e r  
i od ide  pe r  hour. P r e c i p i t a t i o n  d a t a  from 65 snowfa l l  observa t ion  s i t e s  
were read  d a i l y  and a r e  a v a i l a b l e  f o r  a n a l y s i s .  A thorough review of t h e  
I 
experimental  des ign ,  ope ra t ion  procedures ,  and topography and climatology 
I 
of t he  experimental  a r e a  is  presented  i n  Appendix C. 
During t h e  period 1960-65, t h e r e  were 283 experimental  days d e f i n e d :  
I 
f o r  t he  Climax experiment. Pre l iminary  r e s u l t s  of t h i s  e n t i r e  sample I 
1 
were previous ly  discussed (Grant and Mielke , 1967). Chappell (1967) i n  I 
a f u r t h e r  a n a l y s i s  of t h e  1960-65 Climax d a t a  found t h a t  s e v e r a l  of t h e  
experimental events  had wind d i r e c t i o n s  t h a t  could no t  b r i n g  seeding 
m a t e r i a l  toward t h e  primary t a r g e t  a r ea .  I f  only those  experimental  
events  wi th  500 mb wind d i r e c t i o n s  between 210 degrees and 360 degrees 
I 
i n c l u s i v e ,  are considered (as o r i g i n a l l y  def ined f o r  t h e  experiment) ,  1 
l 
a sample conta in ing  251 events  remains. This  sample of 251 cases  (Climax 
1 
I sample) i s  used he re ,  s i n c e  i t  is  most app ropr i a t e  f o r  a phys i ca l  
I 
1 s tudy  of t h i s  na ture .  Use of t h e  sample conta in ing  283 events  would , 
only se rve  t o  d i l u t e  t h e  e f f e c t s  being sought.  
During t h e  period 1965-70, t h e r e  were 384 experimental  days def ined  
f o r  t h e  Climax experiment. Twelve of t h e s e  events  were a l s o  found t o  
have 500 mb wind d i r e c t i o n s  o u t s i d e  t h e  prescr ibed  d i r e c t i o n  i n t e r v a l .  I 
I 
When those  cases  a r e  e l imina ted ,  a sample conta in ing  372 events  (Climax 
I1 sample) remains. I 
I 
The p o s s i b i l i t y  a rose ,  due t o  upwind seeding a c t i v i t i e s  c a r r i e d  out  ' 
I 
by Colorado S t a t e  Univers i ty  i n  t h e  Berthoud Pass  a r e a  i n  1966, and by 
Bollay and Assoc ia tes  i n  t h e  Park Range a r e a  dur ing  1965-69, t h a t  t h e  , 
Climax t a r g e t  a r e a  could have been a f f e c t e d  by spur ious  seeding.  I n  
order  t o  compile a sample f r e e  of p o s s i b l e  upwind seeding e f f e c t s ,  c a s e s ,  
I 
when t h i s  upwind seeding might have a f f e c t e d  t h e  primary t a r g e t  a r e a  
were removed from t h e  Climax I1 sample, 
I 
C r i t e r i a  used f o r  e l imina t ing  these  cases  were chosen p r i o r  t o  ! 
I 
a n a l y s i s .  E f f e c t s  i n  t h e  Climax t a r g e t  area from seeding a c t i v i t i e s  
conducted a t  Berthoud Pass  were considered poss ib l e ,  when t h e  700 mb , 
l 
o r  500 mb wind d i r e c t i o n  a t  Climax w a s  observed from 330 t o  030 degrees  ' 
dur ing  t h e  experimental  day. E f f e c t s  i n  t h e  Climax t a r g e t  a r e a  from 
seeding a c t i v i t i e s  conducted a t  t h e  Park Range experiment were con- 
s ide red  poss ib l e ,  when 700 mb o r  500 mb wind d i r e c t i o n s  a t  Climax were 
observed t o  be  290 degrees ,  o r  g r e a t e r ,  during t h e  experimental  day. 
I 
When these  c r i t e r i a  were app l i ed  t o  t h e  Climax I1 (372) sample, I 
I it was found t h a t  76 days were e l imina ted ,  producing a Climax I1 sample 1 
of 296 days. I f  t h e  Climax I1 (296) sample is  combined wi th  t h e  Climax 1 
I (251) sample, a T o t a l  Climax sample of 547 days i s  assembled t h a t  is  
f r e e  of p o s s i b l e  upwind seeding e f f e c t s ,  It should be  noted t h a t  events ,  
e l imina ted  i n  order  t o  assemble t h e  Climax I1 (296) and T o t a l  Climax 
I 
(547) samples, were heav i ly  b iased  toward northwest flow and l a r g e r  
I 
p r e c i p i t a t i o n  episodes.  Thus, t h e s e  d a t a  samples a r e  b iased  toward 
smal le r  p r e c i p i t a t i o n  events ,  The unfor tuna te  dilemma a r o s e  t h e r e f o r e ,  : 
I 
whether t o  analyze t h e  Climax I1 (372) sample w i t h  t h e  p o s s i b i l i t y  of 
contamination on non-seeded experimental days and a d i f f e r e n t  seeding 
t rea tment  on seeded experimental days, o r  e l imina te  t h e s e  poss ib l e  
e f f e c t s ,  and analyze a d a t a  sample s t r o n g l y  b iased  toward smal le r  precip-  
i t a t i o n  events .  I t  was decided t o  work mainly with t h e  Climax I (251), 
Climax I1 (372) and T o t a l  Climax (623) d a t a  samples.  However some 
r e s u l t s  of t h e  Climax I1 (296) and To ta l  Climax (547) d a t a  samples a r e  
included and i d e n t i f i e d  a s  such. Otherwise, t h e  des igna to r s ,  "climax 
I1 samplet' and "Total  Climax sample'' r e f e r  t o  t h e  Climax I1 (372) and 
Climax T o t a l  (623) d a t a  samples r e spec t ive ly .  
2. The Wolf Creek Pass  Experiment 
The Wolf Creek Pass  experiment was inhe ren t ly  an ope ra t iona l  pro- 
1 
gram whose b a s i c  o b j e c t i v e  was t o  augment snowfa l l  over an  a r e a  of t h e  
San Juan Mountain Massif cen tered  a t  t h e  summit of Wolf Creek Pass .  I n  
order  t o  s ecu re  u s e f u l  d a t a  from t h i s  ope ra t iona l  program, t h r e e  record- 
ing p r e c i p i t a t i o n  gages were i n s t a l l e d  near  t h e  summit and on t h e  west 
and e a s t  s i d e s  of the  pass .  The b a s i c  f e a t u r e s  incorpora ted  i n  t h e  Wolf 
Creek Pass  des ign  a r e  g iven  i n  some d e t a i l  i n  Appendix C.  A yea r ly  
I 
randomization was employed wi th  a  24-hour experimental  t ime u n i t .  Seven1 
s tandard  Weather Bureau s t a t i o n s  se rve  a s  c o n t r o l  s t a t i o n s .  The c r i t e r i a  
of an experimental day is t h a t  a t  l e a s t  - 0 1  inches  of p r e c i p i t a t i o n  
occurred during a 24-hour sampling u n i t  a t  one o r  more of t h e  recording 
p r e c i p i t a t i o n  gages,  o r  a t  t h e  c o n t r o l  s t a t i o n ,  
There were 441 days t h a t  met t h e  prescr ibed  c r i t e r i a  f o r  an  experi-  
mental event  a t  Wolf Creek Pass  during t h e  f i v e  win te r  seasons from 1964- 
I 
69. It should be mentioned t h a t  i n  t h i s  t o t a l  sample t h e r e  were 7 3  I 
designated seeded cases  where no seeding was a c t u a l l y  conducted, This  
r ep re sen t s  about 31  percent  of t h e  seeded days def ined  f o r  t h e  experiment,  
These p a r t i c u l a r  days were b iased  toward smal le r  p r e c i p i t a t i o n  events ,  
however, s i n c e  only 25 percent  of t h e  t o t a l  seeded p r e c i p i t a t i o n  w a s  n o t  
a c t u a l l y  seeded. These days were not  removed from t h e  seeded sample 
s i n c e  t h e r e  was no s a t i s f a c t o r y  way t o  remove t h e i r  coun te rpa r t  from the  
non-seeded sample. Therefore,  t hese  73 days were r e t a i n e d  i n  t h e  seeded 
sample wi th  t h e  knowledge t h a t  t h e i r  presence might c o n t r i b u t e  t o  t h e  j 
d i l u t i o n  of seeding e f f e c t s  and make them conserva t ive .  
6 0 
3.  Meteorological  and S t a t i s t i c a l  Procedures 
a .  Meteorological  Procedures 
The hourly d i s t r i b u t i o n  of p r e c i p i t a t i o n  was inves t iga t ed  f o r  every:  
experimental  day, From t h i s  information t h e  time of meteoro logica l  
observa t ions  was r e l a t e d  t o  t h e  t ime of p r e c i p i t a t i o n  occurrence.  The 
meteoro logica l  d a t a  assigned t o  t h e  p r e c i p i t a t i o n  was t h a t  n e a r e s t  t h e  
t ime of p r e c i p i t a t i o n  occurrence,  o r  nea re s t  t h e  g r e a t e s t  p r e c i p i t a t i o n  
I 
" I 
amount. The computation of va r ious  meteorological  parameters used i n  I 
I 
t h e  ana lyses  is ou t l i ned  i n  Appendix D, 
b. S t a t i s t i c a l  Procedures 
Three s t a t i s t i c a l  procedures a r e  employed i n  eva lua t ing  seeding 
e f f ec t iveness .  These inc lude  t h e  two-sample Wilcoxon t e s t  and t h e  two- 
sample sum of squared ranks t e s t ,  bo th  non-parametric procedures ,  Some 
of t he  p r e c i p i t a t i o n  changes a r e  expressed by averaging seeded and non- 
seeded events  w i th in  g iven  meteoro logica l  s t r a t i f i c a t i o n s  and forming 
seeded t o  non-seeded p r e c i p i t a t i o n  r a t i o s ,  o r  computing percentage changes 
r e l a t i v e  t o  t h e  non-seeded p r e c i p i t a t i o n  va lues .  
Addi t iona l  i n s i g h t  is  gained by s t a t i s t i c a l l y  eva lua t ing  t h e  experi-  
mental d a t a  by two nonparametric methods. The two sample Wilcoxon t e s t  
g ives  equal  emphasis t o  a l l  observa t ions  whi le  t h e  sum of squared ranks  
t e s t  p laces  g r e a t e r  emphasis on t h e  l a r g e r  p r e c i p i t a t i o n  amounts. Thus, 
one is a b l e  t o  g e t  an  i n d i c a t i o n  of poss ib l e  v a r i a t i o n s  i n  seeded ef fec-  
t i v e n e s s  among p r e c i p i t a t i o n  even t s  of d i f f e r i n g  magnitude, 1 
I 
For more information on t h e  two nonparametric methods employed i n  
t h i s  paper,  t h e  reader  is r e f e r r e d  t o  d i scuss ions  on these  procedures by 
Taha (1964), Duran and Mielke (1968),  Mielke (1967), Grant and Mielke ' 
(1967) and Mielke e t  a l .  (1970). 
CHAPTER IV 
TESTING THE MODEL 
1. Introductory Remarks 
Many concomitant physical measurements were made in conjunction 
with the Climax experiment. In spite of these numerous measurements, 
it is impossible to solve the model equations on a daily basis for all 
events gathered during the ten year experiment. The mean vertical 
motion of the cloud system is not known for each day, nor is cloud top 
height. It is possible to test the model in a time-averaged mode, and 
this is accomplished in three general ways. I 
I 
In the next section, the model precipitation equations for natural 
, 
and seeded conditions are fitted to precipitation observed at HA0 during! 
the ten year experiment. In fitting the model precipitation equations 
I 
to observed precipitation, one may then judge 1) whether the model and 1 
I 
I 
observed precipitation functions are similar to one another, 2) whether 
I 
the model parameters associated with this best fit are reasonable values' 
in a time-averaged mode, 3) whether any difference between observed 
I 
precipitation and the model precipitation equations are readily I 
I 
explained by processes not included in the model and 4) whether differ- i 
ences between observed precipitation for Climax I and Climax I1 samples 1 
1 
are consistent with model equations. Further testing of the model with i 
observed precipitation is possible, by computing a function representingi 
the difference in seeded and non-seeded precipitation, and comparing its, 
behavior with that given by the S.M.P. equation. 
i n  t h e  t h i r d  s e c t i o n ,  t h e  model S.M.P. equat ion  is  t e s t e d  a g a i n s t  
observed seeding e f f e c t s  f o r  t h r e e  independent d a t a  samples. The seeding 
e f f e c t i v e n e s s  i s  computed w i t h i n  s t r a t i f i c a t i o n s  of meteoro logica l  para- 
meters ,  which a r e  e x p l i c i t l y  o r  i m p l i c i t l y  expressed wi th in  t h e  model 
S.M.P. equat ion.  These s t r a t i f i c a t i o n s  gene ra l ly  con ta in  s u f f i c i e n t  
experimental  even t s  t h a t  meaningful s t a t i s t i c a l  t e s t i n g  f o r  t h e  s i g n i f -  
i cance  of p r e c i p i t a t i o n  changes is  poss ib l e .  
I n  t he  f o u r t h  s e c t i o n ,  t h e  behavior of c r y s t a l  growth processes  
w i t h i n  t h e  cloud system is compared wi th  t h a t  given by t h e  model. I n  
p a r t i c u l a r ,  t h e  change i n  c r y s t a l  growth processes  between non-seeded 
and seeded condi t ions  i s  considered.  
I n  t h e  l a s t  s e c t i o n s  v a r i a t i o n s  i n  t h e  p a t t e r n  of seeding e f f ec -  
t i veness  between Climax I (251) and Climax I1 (372) samples a r e  exh ib i t ed  
and d iscussed ,  and poss ib l e  upwind seeding e f f e c t s  dur ing  t h e  Climax I1 
sampling per iod  a r e  considered.  
It may be  noted t h a t  no at tempt  is  made t o  t e s t  t h e  model D.M.P. , 
equat ion.  I n  o rde r  t o  do t h i s ,  very d e t a i l e d  observa t ions  of cloud 
geometry, cloud temperatures and v e r t i c a l  motions would be requi red  
between non-seeded and seeded condi t ions .  These d e t a i l e d  observa t ions  I 
on t h e  cloud s c a l e  a r e  not  a v a i l a b l e .  One i s  t h e r e f o r e  l imi t ed  t o  con- I 
I s i d e r i n g  only  t h e  S.M.P. equat ion .  There i s  s t i l l  t h e  p o s s i b i l i t y ,  how-! 
ever ,  i f  t h e  i n f luence  of D.M.P. i s  s i g n i f i c a n t ,  t h e  observed seeded 
p r e c i p i t a t i o n  w i l l  d epa r t  s u b s t a n t i a l l y  from t h a t  g iven  by t h e  model 
S.M.P.. equat ion.  Thus, a p o s s i b i l i t y  e x i s t s  of d e t e c t i n g  i n d i r e c t l y  a 
s i g n i f i c a n t  D.M.P. e f f e c t .  
2.  Tes t ing  the  Model P r e c i p i t a t i o n  Equations 
T t  i s  seen from (40) ,  t h e r e  i s  a  s i n g u l a r  s o l u t i o n  where 
A t  t h i s  s i n g u l a r  po in t  t h e  average r a t e  of i c e  growth i n t e r s e c t s  
t h e  a v a i l a b l e  average vapor supply r a t e  a t  a va lue  equal  t o  t h e  average 1 
I 
1 
p r e c i p i t a t i o n  r a t e .  One may use  the  va lue  of observed p r e c i p i t a t i o n  and: 
I 
I a  knowledge of cloud temperatures  a t  t h i s  s i n g u l a r  po in t  t o  compute t h e  , 
time-averaged mean v e r t i c a l  motion and time-averaged cloud top  he igh t .  
I 
This  computation i s  accomplished by i t e r a t i o n  and t h e  methodology f o r  I 
performing t h e  computation is  ou t l i ned  i n  Appendix B.  Th i s  computation / 




observed p r e c i p i t a t i o n .  i 
a.  Non-seeded P r e c i p i t a t i o n  
I 
The r e s u l t s  of f i t t i n g  t h e  model t o  non-seeded p r e c i p i t a t i o n  observed 
a t  HA0 during t h e  Climax I (251) and Climax I1 (372) sampling pe r iods  a r e  
shown i n  Figures  11 and 12. I t  is  seen  t h a t  t h e  model p r e c i p i t a t i o n  
equat ion  f i t s  observed p r e c i p i t a t i o n  d a t a  reasonably w e l l  f o r  both sam- 
p l e s .  It is noted t h a t  observed p r e c i p i t a t i o n  i s  somewhat h igher  f o r  
t h e  warmer cloud systems than given by t h e  d i f f u s i o n a l  model. This  is 
not  s u r p r i s i n g  however, f o r  i t  was seen i n  Figure 5 t h a t  a c c r e t i o n a l  
growth of snow c r y s t a l s  may become a  f a c t o r  a s  d i f f u s i o n a l  i c e  growth 
becomes i n e f f i c i e n t .  Th i s  is  due t o  increased  d r o p l e t  growth a s soc i a t ed  
wi th  r i s i n g  cloud supe r sa tu ra t ion .  Also, a s  pointed out  by Grant (1968),  
occas iona l  i c e  c r y s t a l  m u l t i p l i c a t i o n  is  observed i n  t h i s  temperature 1 
I 
range. The f i n a l  r e s u l t  is  t h a t  n a t u r a l  p r e c i p i t a t i o n  a t  t hese  warmer 
cloud temperatures  is  somewhat g r e a t e r  than given by t h e  d i f f u s i o n a l  model. 
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Figure 11. Distribution of non-seeded precipitation at HA0 as a i 
function of 500 mb temperature compared to a theoretical distri- 
bution computed using the mean diffusional model. Precipitation / 
data are from Climax I sample (251) and values are a running mean, 
over a two-degree temperature interval. I 
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Figure 12. Distribution of non-seeded precipitation at HA0 as a 
function of 500 mb temperature compared to a theoretical distri- 
bution computed using the mean diffusional model. Precipitation 
data are from Climax I1 sample (372) and values are a running , 
mean over a two-degree temperature interval. I 
It  is of cons iderable  i n t e r e s t  t h a t  t h e  n a t u r a l  p r e c i p i t a t i o n  during 
t h e  Climax I1 sampling per iod  does not  decrease  u n t i l  a  500 mb tempera- , 
1 t u r e  of -19C is  reached. This  compares t o  a  temperature of -20C f o r  t h e ,  
I 
Climax I sampling per iod .  This  maintenance of p r e c i p i t a t i o n  e f f i c i e n c y  
' 
a t  s l i g h t l y  warmer cloud temperatures  during t h e  Climax I1 sampling per- 
i od  is i n  agreement w i t h  t h e  model, s i n c e  t h e  a v a i l a b l e  rate of vapor 
supply was somewhat l e s s  dur ing  t h i s  f i v e  yea r  per iod .  The p o s s i b i l i t y  
t h a t  spu r ious  upwind seeding may have inf luenced  somewhat t h e  500 mb 
temperature a t  which t h e  n a t u r a l  p r e c i p i t a t i o n  decreases  f o r  t h e  Climax 
I1 (372) sampling period i s  discussed i n  t h e  l a s t  s e c t i o n  of t h i s  Chapter.  
It is seen  from Figures  11 and 1 2 ,  time-averaged cloud tops  during 
p r e c i p i t a t i o n ,  a s soc i a t ed  wi th  a  reasonable f i t ,  a r e  460 mb and 455 mb 
f o r  Climax I (251) and Climax I1 (372) samples,  r e spec t ive ly .  These 
p re s su re  l e v e l s  a r e  gene ra l ly  near  20,000 f e e t  over t h e  a r e a  i n  t h e  
win ter t ime and t h i s  he igh t  is  i n  agreement w i th  cloud top  r a d a r  s t u d i e s  
I 
of Furman (1967). The time-averaged mean v e r t i c a l  motion of 11.0 cm/secl- 
a t  -20C f o r  Climax I sampling pe r iod ,  and 10.3 cm/sec a t  -19C f o r  Climax 
I1 sampling pe r iod ,  a l s o  appear t o  be  reasonable va lues .  I 
b. Seeded P r e c i p i t a t i o n  1 I 
The r e s u l t s  of f i t t i n g  t h e  model t o  seeded p r e c i p i t a t i o n  observed I 
during t h e  Climax I (251) and Climax I1 (372) sampling pe r iods  a r e  shown 
i n  F igures  1 3  and 14. The methodology f o r  accomplishing t h i s  f i t  is  
s i m i l a r  t o ,  bu t  no t  i d e n t i c a l  t o  t h a t  used f o r  n a t u r a l  p r e c i p i t a t i o n ,  
1 
I 
and is  a l s o  set f o r t h  i n  Appendix B. It is  seen  i n  t h e  500 mb tempera- ! 
I 
t u r e  range from -20C t o  -15C, observed seeded p r e c i p i t a t i o n  cont inues t o  
i n c r e a s e  i r r e g u l a r l y  a s  g iven  by t h e  model equat ion.  The i n s e r t i o n  of 
t h e  observed seeded i c e  n u c l e i  spectrum i n t o  t h e  model p r e c i p i t a t i o n  
I I I 
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Figure 13. Distribution of seeded precipitation at HA0 as a function 
of 500 mb temperature compared to a theoretical distribution coin-: 
puted using the mean diffusional model. Precipitation data are I 
from Climax I sample (251) and values are a running mean over a 
two-degree temperature interval. 
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Figure 14. Distribution of seeded precipitation at HA0 as a function 
of 500 mb temperature compared to a theoretical distribution corn-- 
puted using the mean diffusional model. Precipitation data are 
from Climax I1 sample (372) and values are a running mean over a 
two-degree temperature interval. 
equat ion sugges ts  t h e  d i f f u s i o n a l  i c e  growth process  should be e f f i c i e n t  
a t  l e a s t  up t o  a 500 mb temperature of about -15C, o r  about 5 degrees C , 
warmer than for t h e  n a t u r a l  p r e c i p i t a t i o n  process .  The behavior of t h e  
I 
I 
observed seeded p r e c i p i t a t i o n  i s  i n  good agreement w i th  t h e  model i n  t h i s  
temperature range. 
Unfortunately,  t h e r e  is  no way t o  t e s t  t h e  model concerning an  
expected decrease  i n  seeded p r e c i p i t a t i o n  a t  500 mb temperatures above 
about -15C. The extremely small number of events  t h a t  occur i n  t h i s  
I 
temperature reg ion  do not  d e f i n e  t h e  seeded p r e c i p i t a t i o n  va lues  w i th  
1 
any confidence. 
I t  is  seen  i n  F igures  13  and 14,  time-averaged mean v e r t i c a l  motions 
of 10.6 cm/sec and 9.4 cmjsec f o r  Climax I and Climax I1 sampling per iods ,  
r e s p e c t i v e l y ,  a r e  aga in  reasonable values.  
I 
I 
c.  Seeded Minus Non-seeded P r e c i p i t a t i o n  , 
I f  non-seeded p r e c i p i t a t i o n  is  sub t r ac t ed  from seeded p r e c i p i t a t i o n ,  
a func t ion  is  generated t h a t  desc r ibes  t h e  change i n  mean d a i l y  p rec ip i -  
t a t i o n  between seeded and non-seeded days as a func t ion  of cloud system 
temperature.  This  change i n  p r e c i p i t a t i o n  can a l s o  be expressed as a 
I 
percentage change between seeded and non-seeded days,  
I 
I 
The behavior  of t hese  p r e c i p i t a t i o n  change func t ions ,  shown i n  
Figure 15,  demonstrates t h r e e  important f e a t u r e s  i n  q u a l i t a t i v e  agree- 
ment w i th  t h e  model developed. F i r s t ,  they sugges t  overseeding may have 
reduced p r e c i p i t a t i o n  on seeded days f o r  t h e  very co ldes t  cloud tempera- 
t u r e s .  Secondly, they i n d i c a t e  t he  boundary marking t h e  a v a i l a b i l i t y  1 I
of S.M.P. appears  q u i t e  ab rup t ly  a s  cloud top  temperatures  become warmer, 
and t h e  ensuing p r e c i p i t a t i o n  i n c r e a s e s  r e a l i z e d  fo l low crudely  an  expo- 
n e n t i a l  i n c r e a s e  wi th  temperature.  Th i rd ly ,  they sugges t  an  in t e rmed ia t e  
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Figure 15. Change and percentage change i n  mean da i ly  prec ip i tat ion  
during seeded days compared with non-seeded days a s  a function of 
500 mb temperature for Climax I (-251) (upper) and Climax I1 (372)  
(lower) samples. Lines are third degree polynomial curve f i t s  to  
the plotted values.  
range of cloud top  temperatures  where t h e  p r e c i p i t a t i o n  process  is e f f i -  
c i e n t ,  and seeding n e i t h e r  he lps  nor  h inders  t h e  p r e c i p i t a t i o n  e f f i c i e n c y  
t o  any no t i ceab le  degree. It is  i n  t h i s  range where c r y s t a l s  cont inue  t o  
reach t h e  mountain, even though c r y s t a l  concent ra t ions  may exceed some- 
what t h e  optimum concent ra t ion  requi red  f o r  maximum u t i l i z a t i o n  of cloud 
I 
water .  I 
I 
3. Tes t ing  t h e  Model S.M.P. Equation wi th  Observed Seeding E f f e c t s  1 
a .  In t roductory  Remarks 1 
I 
I n  t h i s  s e c t i o n  t h e  model S.M.P. equat ion is t e s t e d  wi th  seeding I 
e f f e c t s  computed wi th in  s t r a t i f i c a t i o n s  of meteoro logica l  parameters I 
expressed e x p l i c i t l y  o r  i m p l i c i t l y  w i th in  t h e  equat ion.  The model S.M.P. 
equat ion ,  by combining (42) and (45) ,  may be  w r i t t e n  
(49) 
It is  seen i n  (49) ,  i n  t h e  absence of i c e  c r y s t a l  m u l t i p l i c a t i o n  (r = I ) ,  
C 
S.M.P. reduces t o  a func t ion  of cloud system temperatures ,  cloud top 
he igh t ,  and t h e  mean v e r t i c a l  motion and mean c r y s t a l  s i z e  i n  t h e  cloud 
system. I f  cloud base ,  v e r t i c a l  motion and c r y s t a l  s i z e  a r e  s p e c i f i e d ,  
t h e r e  i s  a c r i t i c a l  cloud top  temperature t h a t  makes t h e  l a s t  term i n  
(49) j u s t  equal  t h e  f i r s t  term. This  c r i t i c a l  cloud top  temperature 
marks t h e  boundary of S.M.P. a v a i l a b i l i t y ,  A s  cloud top  temperatures 
become w a r m e r  than t h i s  c r i t i c a l  va lue ,  S.M.P. i nc reases  due t o  t h e  
exponent ia l  decrease  i n  t h e  a b i l i t y  of t h e  cloud system t o  grow i c e .  
Based on (49) then ,  a few meteoro logica l  parameters a r e  chosen 
f o r  which t o  s t r a t i f y  t h e  experimental  da t a .  The in f luence  of cloud I 
t op  temperature upon the  n a t u r a l  supply of e f f e c t i v e  primary i c e  n u c l e i  
is i n v e s t i g a t e d  through t h e  500 mb temperature.  Although i t  was seen  i n  
t h e  l a s t  s e c t i o n  t h a t  cloud tops  probably average s l i g h t l y  h igher  t han  
t h i s  p re s su re  l e v e l ,  500 mb is  g e n e r a l l y  i n  t h e  v i c i n i t y  of cloud top ,  
and temperature f l u c t u a t i o n s  a t  t h i s  l e v e l  approximate temperature va r i a -  
t i o n s  a t  cloud top .  The 700 mb equiva len t  p o t e n t i a l  temperature is a l s o  
used f o r  s t r a t i f i c a t i o n .  It is  another  measure of cloud system tempera- 
t u r e s ,  and i n  a d d i t i o n ,  t akes  i n t o  account t h e  a v a i l a b l e  mois ture  supply. 
Another parameter employed i s  t h e  v e r t i c a l  g r a d i e n t  of s a t u r a t i o n  mixing 
r a t i o  ( p o t e n t i a l  condensate) ,  which appears  d i r e c t l y  i n  (49).  Cloud top  
temperature is  a l s o  i m p l i c i t  i n  both  t h e s e  l a t t e r  parameters.  Other 
I .  
parameters chosen r e l a t e  crudely t o  v e r t i c a l  motion through orographic 
I 
i n f luences  on t h e  wind flow, convect ive s t a b i l i t y  of t h e  cloud l a y e r ,  and 
b a r o c l i n i c i t y .  
Tables  1 through 8 show computed p r e c i p i t a t i o n  changes w i t h i n  
s t r a t i f i c a t i o n s  of t h e  var ious  meteoro logica l  parameters.  The t a b l e s  
l i s t  t o t a l  sample s i z e  (seeded and non-seeded days ) ,  sample s i z e  used 
i n  t h e  s t a t i s t i c a l  computations ( t o t a l  sample minus any missing d a t a ) ,  
I 
and e s t ima te s  of p r e c i p i t a t i o n  changes computed wi th  and without  c o n t r o l  
p r e c i p i t a t i o n  d a t a .  Cont ro l  p r e c i p i t a t i o n  d a t a  a r e  not  included f o r  t h e  
Climax I1 and T o t a l  Climax samples, s i n c e  s t a t i s t i c a l  t e s t s  under t h e  
Climax randomization procedure a r e  v a l i d  without  con t ro l .  It was a l s o  
determined during t h e  a n a l y s i s  of t h e  Climax I d a t a  sample t h a t  i nc lus ion  
I 
of c o n t r o l  p r e c i p i t a t i o n  d a t a ,  having only  a mediocre c o r r e l a t i o n  wi th  
t h e  t a r g e t ,  was probably adding nothing b e n e f i c i a l  t o  t he  a n a l y s i s ,  The, 
two-sample Wilcoxon t e s t  is  denoted NPl i n  t h e  t a b l e s ,  while  t h e  two- 
sample sum of squared ranks test i s  designated NP2. I n  order  t o  p re sen t  
some meaningful i n t e r p r e t a t i o n  of t h e  s t a t i s t i c a l  r e s u l t s ,  t h e  p-value 
( p r o b a b i l i t y  t h a t  t h e  ind ica t ed  s c a l e  change is exceeded by chance) is  
a l s o  included i n  t h e  t a b l e s .  
The r e s u l t s  presented  i n  Tables  1 through 8 a r e  f o r  t h e  Climax I 
(251 days ) ,  Climax I1 (372 d a y s ) ,  Climax I1 (296 days ) ,  T o t a l  Climax 
(623 days ) ,  T o t a l  Climax (547 days) and Wolf Creek (441 days) d a t a  sam- 
p l e s  f o r  i d e n t i c a l  o r  s i m i l a r  meteoro logica l  s t r a t i f i c a t i o n s .  The Climax 
I1 (296) and T o t a l  Climax (547) r e s u l t s  a r e  shown i n  parentheses  ad jacent  
t o  t h e  Climax I1 (372) and T o t a l  Climax (623) r e s u l t s ,  r e spec t ive ly .  I n  
t h e  Climax p o r t i o n  of t h e  t a b l e s  t h e  d a t a  presented  a r e  based mostly on 
an  average of a p r e c i p i t a t i o n  recording gage and a snowboard loca t ed  
ad jacent  t o  one another  a t  t h e  High A l t i t u d e  Observatory (HAO) of t h e  
Univers i ty  of Colorado near  t h e  cen te r  of t h e  designated primary t a r g e t  
a r ea .  I f  one of t h e  p r e c i p i t a t i o n  observa t ions  w a s  missing,  t h e  o t h e r  
observa t ion  was u t i l i z e d .  I n  l e s s  t han  one percent  of t h e  events ,  precip-  
i t a t i o n  was est imated from ad jacen t  snowboards (number 9 ,  11, 12 ,  13) 
l y ing  about one m i l e  e a s t  of t h e  observatory.  This  r e p r e s e n t s  t h e  most 
complete and r e l i a b l e  p r e c i p i t a t i o n  d a t a  sample ga thered  w i t h i n  t h e  p r i -  
mary t a r g e t  a r e a .  The Wolf Creek Pass  po r t ion  of t h e  t a b l e s  is based 
on recorded hour ly  p r e c i p i t a t i o n  d a t a  measured near  t h e  summit of t h e  
pass .  
b.  Cloud System Temperatures and Avai lable  Moisture 
1 )  500 mb Temperature (V ic in i ty  of Cloud Top.) 
The d i s t r i b u t i o n  of seeding e f f e c t s  w i th  500 mb temperature is  
shown i n  Table 1. The t rend  of t he  seeding e f f e c t  w i th  temperature is  
c l e a r l y  ev ident  and dup l i ca t ed  by a l l  samples, I n  g e n e r a l ,  t h e  r e s u l t s  
i n d i c a t e  t h a t  snowfa l l  was unaf fec ted  o r  decreased s l i g h t l y  when very 
cold cloud systems were seeded. S u b s t a n t i a l  i nc reases  i n  snowfa l l  a r e  
Table 1. Estimate of scale changes during seeded periods with respect to non-seeded periods as computed by 
two nonparamctric statistical metliods. Precipitation data are from the High Altitude Observatory 
near Climax and near the summit of Volf Creek Pass. Scale changes are shown within stratifications 
of the 500 mh temperature. Data for Climax 11 (296) and Total Climax (547) samples are shown in 
parentheses. 
' I  
Without control With control ' 
Scale Scale Total Sample 
Stratlf ication sample size change change 
('0 size used Frthod (XI p-value ( X )  p-value 
I 
Climax I (251) Sample 
-39 thru -26 S 32 S 32 NP1 - 31 .0091 - 18 .lo93 ' 
NS 34 NS 34 NP? - 22 ,0329 - 8 .3156 
-25 thru -21 S 53 
NS 56 
-20 thru -11 
Climax I1 (372) and (296) Samples 
-39 thru -26 S 39 (27) S 39 (27) NP1 
NS 49 (32) NS 49 (32) NP2 
-25 thru -21 S 70 (58) S 70 (58) NP1 
NS 73 (57) NS 73 (57) NP? 
-20 thru -11 S 73 (62) S 73 (62) NPl 
NS 68 (60) NS 68 (60) XP2 
-18 thru -11 S 36 (31) S 36 (31) NP1 
NS 47 (44) NS 47 (44) tip2 
Total Climax (623) and (547) Samples 
-39 thru -26 S 71 (59) S 71 (59) NPI 
NS 83 (66) NS 83 (66) NP2 
-25 thru -21 S123 (111) S123 (111) NPl 
NS129 (113) NS129 (113) NPZ 
-20 thru -11 SlO8 (97) SlO8 (97) SP1 
NS109 (101) NSl09 (101) NP? 
-18 thru -11 
Wolf Creck Sunmit (441) Sample 
-39 thru -24 S 82 S 81 
NS 63 NS 63 
-23 thru -21 
-20 thru -11 S106 
NS 79 
i nd i ca t ed  f o r  t h e  warmest cloud systems. Some of t h e  s t a t i s t i c a l  t e s t s  
f o r  t he  c o l d e s t  and warmest s t r a t i f i c a t i o n s  show p-values of l e s s  than  
5 percent  f o r  t h e  Climax I and Wolf Creek samples. A d i f f e r e n c e  i n  1 
seeding e f f e c t  is noted between t h e  Climax I (251) and Climax I1 (372) 
samples f o r  500 mb temperatures  -20C and warmer. The Climax I (251) 
sample shows l a r g e  i n c r e a s e s  which a r e  cons iderably  reduced f o r  t h e  
Climax I1 (372) sample. However, i f  t h e  Climax I1 (372) sample i s  eva l -  
uated f o r  500 mb temperatures  of -18C and warmer, snowfa l l  i nc reases  of 
t h e  same magnitude a r e  found. It i s  a l s o  seen  t h a t  t h i s  d i f f e r e n c e ,  i n  
seeding e f f e c t i v e n e s s  f o r  500 mb temperatures  of -20C and warmer, i s  not  
s i g n i f i c a n t  i f  t h e  Climax I (251) sample i s  compared wi th  t h e  Climax I1 
(296) sample, which has a l l  spur ious  upwind seeding events  e l imina ted .  
This  r a i s e s  t h e  ques t ion  about t h e  p o s s i b i l i t y  of upwind seeding i n f l u -  
encing t h e  r e s u l t s  during t h e  Climax I1 sampling per iod ,  e s p e c i a l l y  with- 
i n  t h e  500 mb temperature range from -18C t o  -20C. Whether t h e  s l i g h t  
s h i f t  toward warmer cloud temperatures ,  of t h e  l a r g e  p o s i t i v e  seeding 
e f f e c t  f o r  t h e  Climax I1 (372) sample, i s  due t o  spur ious  upwind seeding 
e f f e c t s ,  o r  o t h e r  causes,  w i l l  be considered f u r t h e r  i n  t h e  l a s t  s e c t i o n  
of t h i s  chapter  . 
Resu l t s  of t h e  cold orographic cloud seeding experiment conducted 
a t  t h e  Park Range i n  Colorado by Bollay and Assoc ia tes  during 1968-69 
(Rhea and Davis, 1970) a l s o  i n d i c a t e  l a r g e  i n c r e a s e s  (over 100 percent )  
i n  p r e c i p i t a t i o n  f o r  seeded even t s  when cloud top  temperatures  were 
-20C and warmer. L i t t l e  seeding e f f e c t  o r  smal l  nega t ive  seeding e f f e c t s  
were noted f o r  cases  w i th  cloud tops  co lde r  than  -20C. 
The t rend  ind ica t ed  i n  t h e  seeding e f f e c t  a s  a func t ion  of t h e  500 
mb temperature is c o n s i s t e n t  w i th  the  model presented .  The r a t h e r  abrupt  
appearance of s u b s t a n t i a l  i nc reases  i n  snowfal l  f o r  t h e  warmest cloud 
systems i n d i c a t e s  t h a t  cloud top  temperatures  have exceeded t h e  c r i t i c a l  
va lue  t h a t  marks t h e  a v a i l a b i l i t y  of S.M.P. 
2) P o t e n t i a l  Condensate 
I f  a 700 mb p a r c e l  of a i r  (gene ra l ly  r e p r e s e n t a t i v e  of t h e  subcloud 
l a y e r  i n  t h e  Colorado Rockies) i s  l i f t e d  dry  a d i a b a t i c a l l y  t o  s a t u r a t i o n  
and moist a d i a b a t i c a l l y  t o  500 mb, an e s t ima te  may be  der ived  f o r  t h e  
va lue  of ars /ap below 500 mb. This  parameter is  designated t h e  p o t e n t i a l  
condensate. I t  is  dependent upon cloud system temperatures ,  bu t  a l s o  
inc ludes  more r e a l i s t i c a l l y ,  v a r i a t i o n s  i n  t h e  mois ture  supply of t h e  a i r  
mass c ross ing  t h e  mountain b a r r i e r .  
Table  2 shows t h e  t rend  of seeding e f f e c t s  w i th  t h e  p o t e n t i a l  con- 
densate .  Seeding e f f e c t s  a r e  gene ra l ly  s l i g h t l y  nega t ive  o r  near  ze ro  
f o r  t h e  smal le r  va lues  of p o t e n t i a l  condensate.  S i g n i f i c a n t  p o s i t i v e  
seeding e f f e c t s  appear f o r  t h e  l a r g e s t  va lues .  Again, some of t h e  s t a -  
t i s t i c a l  tests f o r  t h e  smallest and l a r g e s t  s t r a t i f i c a t i o n s  of p o t e n t i a l  
condensate i n d i c a t e  p-values of l e s s  than  5 percent .  Both T o t a l  Climax 
samples, Climax I1 (296) and Wolf Creek samples show p-values l e s s  t han  
1 percent  f o r  t h e  l a r g e s t  category.  The cons is tency  among a l l  samples, 
and wi th  t h e  model, i s  aga in  q u i t e  good. 
3) 700 mb Equivalent  P o t e n t i a l  Temperature 
The equiva len t  p o t e n t i a l  temperature eva lua ted  near  o r  j u s t  below 
cloud base  i s  an e s t ima te  of t h e  mean pseudo-adiabatic process  curve 
followed by r i s i n g  cloud pa rce l s .  It combines mois ture  and temperature 
c h a r a c t e r i s t i q s  of t h e  a i r  mass i n t o  a s i n g l e  parameter.  Cloud top  
temperature is  a l s o  i m p l i c i t  i n  t h i s  parameter.  Therefore ,  t h e  model 
Table 2. Estimate of scale changes during secded pcriods with respect to non-seeded periods as computed by 
two nonparamctric statistical methods. Precipitation data are from the High Altitude Observatory 
ncdr Climax and near the nrlmmit of Wolf Creek Pass. Scale changes are shown within stratifications 
of a computed vertical gradient of saturation mixing ratio below the 500 mb level (potential con- 
densate). Data for Climax I1 (296) and Total Climax (547) samples are shown in parentheses. 
Without control With c o n t r o l  
Total Sample Scale Scale 
Stratif ication sample .ire 
gmlkem (100 mb) size used Uethod 
change change 
(XI p-value ( X )  p-value 
Climax I (251) Sample 
Climax I1 (372) and (296) Samples 
Total Climax (623) and (547) Samples 
0.8 to <1.2 S104 (92) S104 (92) NPl - 3 (-3) .4286 (.4325) 
NS125 (108) NS125 (108) SP2 - 3 (-2) .4404 (.4766) 
Wolf Creek Sunmit (441) Sanple 
equat ion i n d i c a t e s  t h a t  t h e  t r end  of seeding  e f f e c t i v e n e s s  w i th  t h i s  
parameter should be  s i m i l a r  t o  t h a t  observed with 500 mb temperature.  
Table 3 shows seeding e f f e c t s  w i t h i n  s t r a t i f i c a t i o n s  of t h e  700 
mb equiva len t  p o t e n t i a l  temperature.  Seeding e f f e c t s  a r e  s l i g h t l y  
nega t ive  o r  near  zero ,  when t h e  co lde r  equiva len t  p o t e n t i a l  temperatures 
were seeded. A t  warmer equiva len t  p o t e n t i a l  temperatures  t h e  seeding , 
e f f e c t  r eve r se s ,  and snowfa l l  i nc reases  a r e  s u b s t a n t i a l  when t h e  warmest 
equiva len t  p o t e n t i a l  temperatures  were seeded, P-values a r e  aga in  l e s s  
than  5 percent  f o r  some of t h e  s t a t i s t i c a l  t e s t s  i n  t h e  co ldes t  category,  
and a r e  about 1 percent  o r  l e s s  f o r  most Climax and Wolf Creek samples 
f o r  t h e  warmest s t r a t i f i c a t i o n s .  Again, t h e  agreement among t h e  samples 
and wi th  the  model equat ion is  apparent .  
c .  V e r t i c a l  Motion 
The d i r e c t i o n  and speed of t h e  a i r  flow r e l a t i v e  t o  t h e  o r i e n t a t i o n  
of t h e  mountain b a r r i e r  have an important  bear ing  on t h e  upward speed 
imparted t o  t h e  a i r  c ross ing  t h e  mountain b a r r i e r ,  I n  t h i s  subsec t ion  
four  meteoro logica l  parameters r e l a t e d  t o  t h e  na tu re  and magnitude of t h e  
upward a i r  motion a r e  s t r a t i f i e d  and observed seeding e f f e c t s  a r e  d i s -  
cussed r e l a t i v e  t o  t h e  model S.M.P. equat ion.  
1 )  700 mb Wind Di rec t ion  and Speed 
The Cont inenta l  Divide runs west t o  e a s t  ac ros s  t h e  Climax exper i -  
mental a r e a ,  and t h e  b e t t e r  orographic u p l i f t i n g  e x i s t s  up t h e  Eagle 
River Valley wi th  northwest wind flow, and up t h e  Eas t  Fork of t h e  
Arkansas River  w i th  southwest wind flow. I n  a wes t e r ly  d i r e c t i o n ,  a ' 
I 
good orographic f e t c h  toward t h e  Climax a rea  i s  missing and a i r  is  forced 
over two north-south ranges (Sawatch Range and Chicago Ridge) before  
reaching t h e  primary t a r g e t  a r ea .  
Tnhlc 3. Yst 1m.tte of  rc.:tlr clt;tngcs during sceded pcriods v i t h  respect  t o  non-seeded periods a s  computed by . 
rvtt atlnp;tr;Imt.trlc n l : ~ t t r ; t i c a l  mrthnds. P r c ' l p i t ~ t l ~ n  data  a r c  from thc High Al t i tude  Observatory 
nvsr C1lm.1~ ;t~id nc:lr tllc s u m i t  oC Wulf Crcck Pass. Sca le  changes nrc shown wi th in  e t r a t i f l c a t i o n a  
or rho 100 mh rqnlv;~lcnc potential trmpcr.iturc. Data for  Climax I1 (296) and Tota l  Climax (547) 
ann~plc* a r e  nhtiwn In part-nthcsea. 
---..--- - 
Without con t ro l  With con t ro l  
Total  Sample Scale  Scale  
S t r n t i f i c a r l a n  snmplc size change change 
( O K )  s i z e  used Uethod (x) p-value (X) p-value 
Climax I (251) Sample 
Climax 11 (372) and (296) Samples 
To ta l  Climax (623) and (547) Samples 
308 t o  ~ 3 2 6  S 99 (92) S 99 (92) s p l  +189(>+200) ,0049 (.0037) 
NSlOl (95) NSlOl (95) NP2 +133 (+155) .0066 (.0054) 
Wolf Creck S u m i t  (441) Sample 
I t  would be  expected from orographic cons ide ra t ions  a lone ,  t h a t  
northwest and southwest flow even t s  would favor  p o s i t i v e  seeding e f f e c t s  
more than wes t e r ly  flow. This  i s  seen  t o  be  t h e  case  i n  Table 4 .  
F igures  16 through 19 show a t rend  toward warmer 500 mb temperatures  and 
700 mb equiva len t  p o t e n t i a l  temperatures  w i th  southwest flow events .  
These q u a n t i t i e s  decrease  f o r  wes t e r ly  flow events  and a r e  co ldes t  f o r  
northwest flow cases .  Also, Figures  20 and 21  i n d i c a t e  t h a t  t h e  speed of 
t h e  wind flow g e n e r a l l y  i nc reases  w i t h  500 mb temperature and 700 mb 
equiva len t  p o t e n t i a l  temperature,  The combination of t h e s e  f a c t o r s  prob- 
ab ly  r e s u l t s  i n  higher  condensation r a t e s  and w a r m e r  cloud systems wi th  
southwester ly flow events .  The s i g n i f i c a n t  i nc reases  i n  snowfa l l  noted 
wi th  southwest flow events  (p-values l e s s  than  2 percent  f o r  T o t a l  
Climax samples) t h e r e f o r e ,  appears  c o n s i s t e n t  w i th  t h e  model equat ion.  
It i s  a l s o  noted i n  Table 5 t h a t  s u b s t a n t i a l  p o s i t i v e  seeding 
e f f e c t s  extended i n t o  co lde r  cloud systems f o r  southwest flow even t s ,  
and t h i s  was no t  observed f o r  o t h e r  wind d i r e c t i o n s .  Equation 49 ind i -  
c a t e s  t h a t  t h e  a v a i l a b i l i t y  of S.M.P. extends somewhat f u r t h e r  i n t o  co lder  
I 
I 
cloud systems, when s t ronge r  upward motions a r e  p re sen t .  It is p o s s i b l e  
then ,  t h a t  ex tens ion  of p o s i t i v e  seeding e f f e c t s  i n t o  co lde r  cloud sys- 
tems wi th  southwest flow may be  p a r t i a l l y  due t o  t h e  superimposi t ion of 
synop t i c  s c a l e  upward motion (pre-trough condi t ions)  on t h e  s t rong  oro- 
graphic  e f f e c t .  For t h e  co ldes t  cloud systems, p o s i t i v e  seeding e f f e c t s  
a l s o  disappear  w i th  southwest flow a s  would be expected from t h e  model 
equat ion.  
One might ques t ion  why p o s i t i v e  seeding e f f e c t s  a r e  noted f o r  north- 
west flow cond i t i ons ,  when on t h e  average,  they a r e  accompanied by t h e  
co ldes t  500 mb temperatures  and 700 mb equiva len t  p o t e n t i a l  temperatures.  
Table  4. Est lmatc  of r c n l e  chdnscs  dur ing secded pe r iods  wi th  r e spec t  t o  r~vn-..cbcdcd pc r lods  an computctl hy I 
two nonparamctrlc r r a t  l h t l c a l  m ~ t l ~ o c l ~ .  P r c c l ~ ~ l l e t l o n  d a t a  n r r  f r ~ m  rh r  Iltph Alcltnalv Ohrlt.rvntt~ry 
near Cllmrx aoJ near tlrc wummlt of  Woll Crct:k P.rqs .  S c a l e  t l~ . teyra  arc nhawr~ wl th ln  tltt ' ~ t  l l i c a t  lttnn 
o t  thv 700 sob ulnc! d t r r k c l o n .  0.tra for  C1lm.1~ I1 (296) and T(\lnl Cllmtx (587) a m p l e n  a r r  rr\r,wn 
I n  porr t t thenr4.  
Without c o n t r o l  ---- With c o n t r o l  
T o t a l  Sample S c a l e  S c a l e  
S t r a t i f i c a t i o n  sample s i z e  change change 
(Degrees) 
I 
s i z e  used Method ( X )  p-value ( X )  p-value 
Climax I (251) Sample 
190 t h r u  250 S 26 
NS 25 
260 t h r u  300 S 56 
NS 67 
310 t h r u  360 S 26 
NS 31  
NPl + 41  
NP2 + 3 9  
010 t h r u  180 S 1 2  
NS 8 
NPl - 15 
NP2 - 17 
Climax I1 (372) and (296) Samples 
190 t h r u  250 S 52 (52) S 52 (52) 
NS 48 (45) NS 48 (45) 
260 t h r u  300 
310 t h r u  360 
010 t h r u  180 SP 1 
NP? 
T o t a l  Climax (623) and (547) Samples 
190 t h r u  250 S 78 (78) 
NS 73 (70) 




310 t h r u  360 S 66 (48) 
NS 8 3  (59) 
010 t h r u  180 S 23 (22) 
NS 19  (16) 
Wolf Creek Sumnlt (441) Sample 
230 t h r u  250 S 72 S 68 
NS 39 XS 34 
260 chru 280 S 56 
NS 44 
100 t h r u  220 S 66 S LO 
US 36 SS 32 
Table 5. Estimate of scale changes d u r i n ~  seeded pcrlods vith respect to non-seeded periods as computed by 
two nonparametric statistical methods. Precipitation data are from the High Altitude 0bserv;rtory 
near Climax for the Total Climax (623) and (547) samples. Scale changes are shown withlr~ varlous 
Jouhlc stratifications of the meteorological parameters. Data for Total Climax (547) sample are 
* I I ~ ~ I I  in parentheses. 
- --- 
I~~*trhIs. ~tr.!t Illr.~r Ion Wlthout cor~trc~l 






(Z) p-val ue 
281); to lcnr th.111 308K 
190 thru ?SO dcgrees 
NPl 
NP2 
281R to less than 308K 
260 thru 300 degrees 
281K to less than 308K 
310 thrtr 360 degrees 
3081; to less thari 326K 
190 thru 250 degrees 
308K to less than 326K 
260 thru 300 degrees 
308K to less than 326K 
310 thru 360 degrees 
281K to less tlmn 298K 
190 thru 250 dcgrees 
298K to less than 308K 
190 chru 250 dcfirees 
(500 mb temperature) 
(700 mb vind dlreccion) 
-39C thru -21C 
190 cl~ru 250 degrees 
-39C thru -21C 
260 thru 300 dcgrees 
-39C thru -21C 
310 thru 360 degrees 
-20C thru -llC 
190 thru 250 d e ~ r e e s  
-20C thru -11C 
260 chru 300 degrees 
-20C thru -11C 
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Figure 16. Relationship of 500 mb temperature with 700 mb wind direc- 
tion for non-seeded days (upper) and seeded days (lower) for Climax 
I sample (251 days) * Curve is a second degree polynomial curve fit 
to the observed meteorological data, 
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Figure 17. Relationship of 500 mb temperature with 700 mb wind direc- 
tion for non-seeded days (upper) and seeded days (lower) for Climax 
I1 sample (372 days). Curve is a second degree polynomial curve fit 
to the observed meteorological data. 
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Figure 20. Relationship of 700 mb wind speed with 500 mb temperature 
for seeded and non-seeded days of the Climax I sample (upper) and 
Climax I1 sample (lower). Curve is a second degree polynomial curve 
fit to the observed meteorological data. 
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Figure 21. Relationship of 700 mb wind speed with 700 mb equivalent 
potential temperature for seeded and non-seeded days of the Climax 
I sample (upper) and Climax I1 sample (lower). Curve is a second 
degree polynomial curve fit to the observed meteorological data. 
A poss ib l e  explana t ion  of t h i s  i s  seen  i n  Table 5. F i r s t ,  it is noted 
I 
t h a t  i n  s p i t e  of t h e  co lde r  temperatures  on t h e  average,  t h e r e  w a s  a 
popula t ion  of warm northwest flow storms which produced s i g n i f i c a n t  , 
i n c r e a s e s  i n  snowfa l l  (p-values l e s s  than 1 percent  f o r  T o t a l  Climax 
1 
samples) ,  when they were seeded. These r e l a t i v e l y  few events  apparent ly  
more than compensate f o r  l i t t l e  seeding  e f f e c t  o r  s l i g h t  nega t ive  seed- 
i ng  e f f e c t s  f o r  t h e  c o l d e r  cloud systems. 
The l a c k  of any s u b s t a n t i a l  nega t ive  seeding e f f e c t  w i th  northwest 
flow, f o r  t h e  co ldes t  5'00 mb temperatures  and 700 mb equiva len t  p o t e n t i a l  
temperatures ,  is probably due t o  somewhat lower cloud tops  on t h e  average 
f o r  t hese  condi t ions .  Coldest  northwest flow events  gene ra l ly  occur I 
between upper l e v e l  t rough passage and t h e  c e s s a t i o n  of p r e c i p i t a t i o n ,  
which seems t o  be  brought about by inc reas ing  subsidence over t h e  a r e a  
and a gradual  th inning  and even tua l  breakup of t h e  orographic cloud. 
Under t h e s e  cond i t i ons  of decreas ing  cloud top h e i g h t s ,  the  co lder  500 
mb temperatures i n d i c a t e d  f o r  t h i s  s t r a t i f i c a t i o n  may be  somewhat m i s -  
I 
leading.  I  
The reason f o r  t h e  l a c k  of p o s i t i v e  seeding e f f e c t s  w i t h  wes t e r ly  
winds is  n o t  obvious from an in spec t ion  of t h e  meteorological  d a t a ,  
s i n c e  t h e s e  p r e c i p i t a t i o n  events  gene ra l ly  average w i t h i n  t h e  intermedi- 
a t e  range of 500 mb temperatures  and 700 mb equiva len t  p o t e n t i a l  temper- 
a tu re s .  Even i f  wes t e r ly  flow cases  a r e  subdivided i n t o  warm and cold , 
s t r a t i f i c a t i o n s ,  on ly  a smal l  p o s i t i v e  seeding e f f e c t  is noted f o r  
warmer equiva len t  p o t e n t i a l  temperatures  and l i t t l e  e f f e c t  is  noted f o r  
t h e  warmer 500 mb temperatures .  S i g n i f i c a n t  decreases  a r e  noted f o r  t h e  
colder  wes t e r ly  flow events  (p va lues  less than 4 percent  f o r  To ta l  
Climax samples. 
A con t r ibu t ing  f a c t o r ,  t o  t h e  l a c k  of s u b s t a n t i a l  i n c r e a s e s  i n  snow- 
f a l l  f o r  t h e  warmer wes t e r ly  flow cond i t i ons ,  may be t h e  seeding from , 
t h e  long d i s t a n c e  gene ra to r s  a t  Aspen and Reudi, The p o s s i b i l i t y  e x i s t s :  
t h a t  seeding from t h e s e  genera tors  i n c r e a s e s  snowfa l l  over t h e  Sawatch 
Range ( t h e  major north-south range ly ing  about 15  m i l e s  w e s t  of Climax) 
t o  t h e  detr iment  of t h e  primary t a r g e t  a r e a ,  which i n  t h i s  event  would 
l i e  cons iderably  downwind of t h e  major seeding e f f e c t .  Another cont r ib-  
u t ing  f a c t o r  .may b e  smal le r  upward motions stemming from weaker oro- 
g raph ic  i n f luences  p re sen t  w i th  t h i s  type flow, 
The Wolf Creek Pass  a r e a  a l s o  shows s u b s t a n t i a l  p o s i t i v e  seeding 
e f f e c t s  when wind flow is o r i en t ed  more nea r ly  normal t o  t h e  mountain I 
b a r r i e r .  L i t t l e  seeding e f f e c t  is noted f o r  wind flows n e a r l y  p a r a l l e l  
t o  t h e  mountain b a r r i e r .  F igures  22, 23, 24 and 25 again suggest t h a t  
southwest wind flow is accompanied by warmest 500 mb temperatures  and 
700 mb equiva len t  p o t e n t i a l  temperatures ,  and a l s o  h igher  wind speeds.  
These two f a c t o r s  aga in  combine t o  produce warmer cloud tops  and h igher  
condensation r a t e s  w i th  southwest flow, and t h e  most s i g n i f i c a n t  in-  
c reases  i n  snowfa l l  a r e  observed wi th  t h e s e  cond i t i ons  (p-values a r e  4 
percent  o r  l e s s ) .  
A l l  o t h e r  e f f e c t s  being equa l ,  S.M.P. i s  favored by inc reas ing  wind 
flow over t he  b a r r i e r ,  s i n c e  condensation r a t e s  a r e  r e l a t e d  t o  t h e  mass 
flow r a t e  over  t h e  b a r r i e r .  Observed seeding e f f e c t s  i n  Table 6 show 
' 
s l i g h t  nega t ive  e f f e c t s  f o r  t h e  lowest wind speeds which change t o  s i g -  
n i f i c a n t  p o s i t i v e  e f f e c t s  a s  wind speeds inc rease .  A l l  s t a t i s t i c a l  
1 
-8 I I I I I 
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Figure 22.  Relationship of 500 mb temperature with 700 mb wind direc- 
tion for non-seeded days (upper) and seeded days (lower) for Wolf 
Creek sample (441 days). Curve is a second degree polynomial curve 
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Figure 24. Relationship of 700 mb wind speed with 500 mb temperature 
for non-seeded days (upper) and seeded days (lower) for Wolf Creek 
sample (441 days). Curve is a second degree polynomial curve f i t  i 
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Figure 25. Relationship of 700 mh wind speed with '700 mb equivalent 1 
potential temperature for non-seeded days (upper) and seeded days 1 
(lower) for Wolf Creek sample (441 days). Curve is a second degree ! 









































1 1 1 I 
Wolf Creek (441 Days) Sample - (Seeded Days) 
# 
270 2 8 0  2 9 0  3 0 0  310 3 2 0  330  
Table 6. Estimate of scale changes during seeded periods wlth respect to non-seeded periods as computed by 
tuo nonparametrfc statistical ncthods. Precipitation data are from the High Altitude Observatory 
near Climax and near the sumnit of Wolf Creek Pass. Scale changes are shovn vithin stratifications 
of the 700 mb wind speed. Data for Climax I1 (296) and Total Climax (547) samples are shovn in 
parentheses. 
Without c 7scrol With control 
Total Sample Scale Scale 
Stratification size change change 
(meters/sec) used Method ( X I  p-value (2) p-value 
Climax I (251) Sample i 
I 
Climax I1 (372) and (296) Samples 
Total Climax (623) and (547) Samples 
Wolf Creek Summit (441) Sample 
11 to ~ 1 5  S 59 
ris 41 
I I 
tests f o r  a l l  Climax samples have p-values l e s s  than  5 percent  f o r  wind 
I ' 
speeds of 12 t o  15 me te r s / s ec  and f o r  11 t o  15 meters / sec  f o r  t h e  Wolf , 
Creek sample. At very high wind speeds,  p o s i t i v e  seeding e f f e c t s  d i s -  "- 
appear and a r e  replaced by s i g n i f i c a n t  nega t ive  seeding e f f e c t s .  This  i 
v a r i a t i o n  of seeding  e f f e c t  w i th  wind speed i s  cons i s t en t  w i th  t h e  
model S.M.P. equat ion  i f  t h e  ex i s t ence  of overseeding a t  very high wind 
I 
speeds can be demonstrated. I t  was shown previous ly  t h a t  model S.M.P. 
I 
and seeded p r e c i p i t a t i o n  equat ions  are phys i ca l ly  i n v a l i d  under t hese  
I 
condit ions.  The p o s s i b i l i t y  of overseeding is considered i n  g r e a t e r  
d e t a i l  i n  a l a t e r  chapter .  
2)  Cloud Layer Convective S t a b i l i t y  
The s t a b i l i t y  of t h e  a i r  mass approaching t h e  mountain b a r r i e r  
i n f luences  t h e  S.M.P i n  complex ways. I f  t h e  a i r  mass is  convect ively 
uns tab le  p r e c i p i t a t i o n  may tend t o  concent ra te  i n  smal l  c e l l s  and con- 
vec t ive  l i n e s .  The s t r o n g e r  upward motions i n  these  c e l l s  and l i n e s  
would r e s u l t  i n  h igh  supply r a t e s  of cloud water  i n  l o c a l i z e d  a reas .  
However, t hese  s t r o n g e r  upward motions would a l s o  r e s u l t  i n  l o c a l i z e d  
h igher  cloud tops and more e f f e c t i v e  l o s s e s  due t o  convect ive towers 
pro t ruding  i n t o  a r e l a t i v e l y  dry environment. The h igher  cloud tops  
would a l s o  be co lde r  and could produce g r e a t e r  numbers of e f f e c t i v e  
i c e  n u c l e i  f o r  which t o  seed t h e  underlying orographic cloud. 
The s t a b i l i t y  of t h e  a i r  mass a l s o  a f f e c t s  t he  n a t u r e  of t h e  lami- 
n a r  flow over t h e  mountain b a r r i e r ,  This  is  demonstrated i n  t h e  wave 
equat ion  f o r  flow over  mountain b a r r i e r s  as discussed by Scorer  (1949). 
Numerical s o l u t i o n s  t o  t h i s  wave equat ion  i n d i c a t e  f o r  condi t ions  of 
n e u t r a l  s t a b i l i t y ,  upwind cloud tops  a r e  considerably h ighe r  than f o r  
more s t a b l e  cases .  It fo l lows ,  then ,  t h a t  g r e a t e r  concent ra t ions  of 
n a t u r a l  i c e  n u c l e i  might be a v a i l a b l e  under t h e  former condi t ions  and 
1 
t h e  S.M.P. would be  reduced. 
E l l i o t t  (1966) has  argued f o r  seeding uns tab le  condi t ions  from an 
energy approach. He concluded t h a t  seeding i n  t h e  Southern C a l i f o r n i a  
mountains enhanced t h e  orographic c i r c u l a t i o n  a t  t h e  expense of t h e  
ind iv idua l  convect ive c e l l  c i r c u l a t i o n s .  The r e s u l t  of seeding,  
according t o  E l l i o t t ,  was t o  s t a b i l i z e  t h e  a i r  mass, reduce between- 
c e l l s  evapora t ion  and i n c r e a s e  t h e  mean temperature of t h e  cloud system. 
This  increased  t h e  buoyancy on t h e  orographic s c a l e  and s i n c e  t h i s  s c a l e  
i s  s u b j e c t  t o  less f r i c t i o n a l  d i s s i p a t i o n  and l o s s e s  due t o  evapora t ion ,  
t h e  n e t  condensation r a t e  and p r e c i p i t a t i o n  r a t e  of t h e  cloud system w a s  
increased .  I ~ 
It is n o t  c l e a r  from t h e  model S.M.P. equat ion  what t h e  e f f e c t  w i l l !  
be of seeding  convect ively uns t ab le  a i r  masses. It is  d i f f i c u l t  t o  
I 
determine whether t h e  mean v e r t i c a l  motion w i l l  be i nc reased  o r  n o t ,  1 1 
s i n c e  any increased  v e r t i c a l  motion i n  c e l l s  i s  l i k e l y  t o  be compensated6 
~y a reduct ion  of upward v e r t i c a l  motion between c e l l s .  Unless seeding 
does suppress  t h e  l o c a l  c e l l  c i r c u l a t i o n s  and enhances t h e  l a r g e r  s c a l e  
orographic motions, a s  claimed by E l l i o t t ,  t h e r e  does no t  appear t o  be 
any reason why these  even t s  would be e s p e c i a l l y  favored f o r  seeding.  
The r e s u l t s  of s t r a t i f y i n g  t h e  Climax and Wolf Creek samples w i th  
a convect ive s t a b i l i t y  index (500 mb equiva len t  p o t e n t i a l  temperature) 
I 
do not  show any s u b s t a n t i a l  p o s i t i v e  seeding e f f e c t  f o r  t h e  uns t ab le  
I 
cases.  There i s  some evidence t h a t  seeding e f f e c t i v e n e s s  is  g r e a t e s t  I 
I 
f o r  t h e  s l i g h t l y  s t a b l e  cases  (+1 t o  l e s s  than +5 degrees C). This  i s  I 
I 
shown by t h e  Climax I1 (372) and Wolf Creek samples i n  Table  7. I 
. 1 
Table 7. Entimate o f  sc:~l t .  C~I:III~:CS d11r11i~ S(*VI I~ . I I  prr1111ls w l t l ~  respect  t o  non-seeded periods a s  computed by i 
two nnnpammclrlr r l : ~ r  l s t  l c : ~ l  mcttai~ls. P rc r lp l t :~ l  lcm data e r e  from the  High Al t i tude  Observatory 1 
near Climax : I I I ~  nrilr tl11. vumml t nl W I I I  I Crrrk P:IRS. Scale  changes a r e  shown within s t r a t i f i c a t i o n s  I 
of a convcctlvc ~ t . ~ h l l l t y  1n1lt.x r.xprrv.;~.cl ;In rhc d i f [ r rcnce  i n  equivalent  p o t e n t i a l  temperature I 
between the  700 nlh .~nd 500 mb Irv1.1~.  n:tL.~ l o r  Cllm:~x I1 (296) and Tota l  Climax (547) samples a r e  
shown i n  parmchrscw. 
I Without con t ro l  With con t ro l  
Total  Snmp l r Scale  Scale  
Stratification samp 1 e s l z c  change change 
('C) size used Hcthnd (%I p-value ( X )  p-value 
Climax I (251) Sample 
KPL + 2 4  
NPZ + 6 
Climax I1 (372) and (296) Samples 
NP1 
NP? 
Tota l  Climax (623) and (547) Snmplcs 
SlOO (83) . SlOO (83) 
NS104 (91) NSlO4 (91) 
NPl 
NP2 
+5 t o  <+23 5120 (105) Sl20 (105) NPl + 2 
NS125 (107) NS125 (125) SP2 - 15 
Wolf Creek Sumnit (441) Sample 
P-values a r e  l e s s  than 1 percent  f o r  t h e  Wolf Creek sample. L i t t l e  
seeding e f f e c t  is noted f o r  t h e  very  s t a b l e  ca ses ,  
F igures  26, 27, 28 and 29 show t h a t  uns t ab le  and l e a s t  s t a b l e  I 
I 
cases  tend t o  occur w i th  warmer cloud systems and southwest flow. S ince  
these  f a c t o r s  favor  a p o s i t i v e  seeding  e f f e c t  from o t h e r  cons ide ra t ions ,  
I 
they may l a r g e l y  exp la in  t h e  observed p r e c i p i t a t i o n  i n c r e a s e s  f o r  t h e  , 
l e a s t  s t a b l e  cases .  These f a c t o r s  a l s o  dramatize t h e  l a c k  of p o s i t i v e  / 
! 
seeding e f f e c t s  w i th  the  uns t ab le  cases .  I 
I 
3) B a r o c l i n i c i t y  I 
I 
I 
It is gene ra l ly  implied from t h e  a d i a b a t i c  equat ion  f o r  v e r t i c a l  
motion t h a t  h o r i z o n t a l  warm advect ion i n  t h e  lower and middle tropo- I 
sphere  is f r equen t ly  a s soc i a t ed  wi th  ascending a i r  motion. Table 8 
I 
shows t h e  d i s t r i b u t i o n  of seeding e f f e c t s  w i th  t h e  mean temperature i 
I 
advect ion i n  t h e  700-500 mb l a y e r .  The r e s u l t s  of t h e  Climax and Wolf 
I 
Creek samples i n d i c a t e  s i g n i f i c a n t  p o s i t i v e  seeding e f f e c t s  f o r  mean 
I 
temperature advect ions from +1 t o  l e s s  than +4 degrees C pe r  12 hours.  
P-values a r e  l e s s  than  5 percent  f o r  many of t h e  s t a t i s t i c a l  tests 1 
performed on a l l  samples and l e s s  than 1 percent  f o r  t e s t s  of bo th  
To ta l  Climax samples. P o s i t i v e  seeding e f f e c t s  w i th  o the r  temperature 
advect ions a r e  n o t  s i g n i f i c a n t .  
I t  appears  t h a t  t h e  superimposi t ion of synopt ic  s c a l e  upward motion 
on t h e  orographic component enhances t h e  mean v e r t i c a l  motion of t h e  
cloud system and f avor s  t h e  a v a i l a b i l i t y  and i n c r e a s e s  t h e  magnitude of 
S.M.P. This  appears  c o n s i s t e n t  w i th  t h e  model S.M.P. equat ion.  
700 ME WlND DIRECTION (DEG) 
7 0 0  MB WlND DIRECTION (DEG) 
Figure 26. Relationship of the convective stability index with 700 mb 
wind direction for non-seeded days (upper) and seeded  day^ (lower) 
for C1 11nnx I ~ n r n p l v  (251 ~ ~ I Y H )  . (:trrvc. i a  :I eer+otrd degree pol ynaml n l  
curve fit to the observed meteorological data. 
Figure 2 7 .  Relationship of the convective s t a b i l i t y  index with  700 mb 
wind direction for non-seeded days (upper) and seeded days (lower) 
for Climax I1 sample (372 days).  Curve i s  a second degree poly- 
nomial curve f i t  t o  the observed meteoro~ogical  data. 
2 0  1 1 1 t 
Climax 1 (251 Days) Sample -(Nan-waded Days) 
500 MB TEMPERATURE ( DEG. C 500 MB TEMPERATURE (DEG C) 
2 0 ~  c~imix n is72 Days) - won-swdrd D a y )  I 20 I I I Climax I1 ( 372 Days) Sample - ( Seeded Days ) 
500 MB TEMPERATURE (DEG C) 500 MB TEMPERATURE ( DEG. C ) 
I 
Figure 28. Relationship of the convective stability index with 500 mb 
temperature for seeded and non-seeded days of the Climax I sample 
(upper) and Climax I1 sample (lower). Curve is a second degree 
polynomial curve fit to the observed meteorological data. 
700 MB WIND DIRECTION ( DEG) 1 
Figure 29. Relationship of the convective stability index with 700 mb 
wind direction for non--seeded days (upper) and seeded days (lower) 
i 
for Wolf Creek sample (441 days). Curve is a second degree poly- 1 
nomial curve fit to the observed meteorological data. I 
I 
Table 8. Estimate of scale ch:inger during seeded periods with respect to non-seeded periods as computed by 
two nonporametric statistical methods. Precipitation data are from the High Altitude Observatory 
near Climax and near the surnmit of Wolf Creek Pass. Scale changes are shown within stratifications 
of a computed mean temperature advcction in the 700-500 mb layer. Data for Climax 11 (296) and 
Total Climax (547) samples are shown in parentheses. - 
Without control With control 
Total Sample Scale Scale 
Strat I f  lcation sample size change change 
(Degrees C/12 hrn) size used Met hod ( X )  p-value ( X )  p-value 
Climnx I (251) Sample 
- 1 tcr i+ 1 NPl - 4 0  
NP2 - 26 
+ 4 to <+19 and S 29 
-12 to <- 4 NS 26 
NPl - 34 
NP2 - 25 
Climax I1 (372) and (296) Samples 
- 4 to < -  1 S 31 (20) S 31 (20) NP1 - 7 (-23) .4207 (.2514) 
NS 47 (31) NS 47 (31) SF? - 13 (-31) .2946 (.1587) 
+ 4 to <+I9 and S 40 (31) S 40 (31) BPI - 14 (-15) 
-12 to <-  4 NS 31 (19) ,NS 31 (19) KP2 - 2 (+9) 
Total Cllmax (623) and (547) Samples 
+ 4 to <+I9 and S 69 (60) . S 69 (60) 1 - 28 (-36) 
-12 to <- 4 NS 57 (45) NS 57 (45) SP2 - 16 (-20) 
Wolf Creek Summit (441) Sample 
4 ,  Tes t ing  t h e  Model Theory wi th  Changes i n  Crys t a l  Growth Processes  
I n  t h e  development of t h e  model i t  was demonstrated from t h e  equa- 
t i o n  f o r  cloud s u p e r s a t u r a t i o n  t h a t  t h e  onset  of a c c r e t i o n a l  growth i n  
t h e  cloud system under s t eady  s t a t e  condi t ions  i s  con t ro l l ed  by t h e  
i n t e r p l a y  between updraf t  speed and t h e  d i f f u s i o n a l  growth r a t e  of i c e .  
I f  t h e  magnitude of t h e  l a t t e r  exceeds t h e  vapor supply r a t e ,  t h e  prob- 
a b i l i t y  of a c c r e t i o n a l  growth i n  t h e  cloud system is extremely smal l .  
As  t h e  magnitude of t h e  d i f f u s i o n a l  growth r a t e  of i c e  decreases ,  r e l a -  
t i v e  t o  t h e  vapor supply r a t e ,  a c c r e t i o n a l  growth of i c e  c r y s t a l s  may 
become s i g n i f i c a n t  i n  t h e  cloud system. I f  seeding is  e f f e c t i v e  i n  t h e  
cloud system, i t  should i n c r e a s e  t h e  d i f f u s i o n a l  growth r a t e  of i c e  f o r  
warmer cloud systems. Th i s ,  i n  t u r n ,  should d i s p l a c e  t h e  onse t  of s ig-  
n i f i c a n t  a c c r e t i o n a l  growth of c r y s t a l s  i n t o  warmer cloud systems. 
It is  seen i n  F igure  5 t h e  number of c r y s t a l s  e x h i b i t i n g  accre- 
t i o n a l  growth f o r  t h e  co lde r  non-seeded cond i t i ons  i s  extremely small 
u n t i l  a 500 mb temperature of about -21C t o  -22C is a t t a i n e d .  The 
percentage of rimed c r y s t a l s  i nc reases  r a p i d l y  w i t h  temperature above 
t h i s  po in t .  This  i s  i n  reasonably good agreement wi th  Figures  11 and 
12, which sugges ts  t h e  d i f f u s i o n a l  growth r a t e  of i c e  exceeds t h e  vapor 
supply r a t e  i n  t h e  cloud system f o r  500 mb temperatures  below about--20C. 
I t  is a l s o  seen  i n  Figure 5 t h e  number of c r y s t a l s  e x h i b i t i n g  
riming f o r  seeded condi t ions  is  l e s s  f o r  a l l  cloud temperatures .  Fur- 
t h e r , t h e  onse t  of a c c r e t i o n a l  growth f o r  seeded condi t ions  occurs  a t  
500 mb temperatures  of about -16C t o  -17C. This  sugges t s  t h e  d i f f u s i o n a l  
i c e  growth process  dur ing  seeded condi t ions  was e f f i c i e n t  f o r  an addi- 
t i o n a l  5 degrees C warming of t h e  cloud systems. This  i s  about t h e  same 
increment of cloud temperature t h a t  s epa ra t e s  t he  non-seeded and seeded 
average d i f f u s i o n a l  growth r a t e  curves computed from t h e  model p rec ip i -  
t a t i o n  equat ions .  This  can be  observed i n  F igures  39 and 40. Thus, 
t h e r e  is a c o n s i s t e n t  i n t e r n a l  v e r i f i c a t i o n  of t h e  model, The observed 
i c e  n u c l e i  s p e c t r a  on non-seeded and seeded days a r e  s i g n i f i c a n t l y  d i f -  
f e r e n t .  When p laced  i n t o  t h e  model p r e c i p i t a t i o n  equat ions ,  t hese  i c e  
nuc le i  s p e c t r a  i n d i c a t e  t h e  d i f f u s i o n a l  i c e  growth process  main ta ins  t h e  
p r e c i p i t a t i o n  e f f i c i e n c y  under seeded condi t ions  f o r  an a d d i t i o n a l  5  
I 
degrees C i n c r e a s e  i n  cloud temperatures .  Then, i t  is seen  t h a t  t h e  on- 
s e t  of s i g n i f i c a n t  a c c r e t i o n a l  growth i n  t h e  cloud system is a l s o  d is -  
placed an  a d d i t i o n a l  5 degrees C toward warmer cloud temperatures ,  
There i s  a n i c e  cons is tency  between t h e  model equat ions and observed be- 
havior  of i c e  c r y s t a l  growth processes  i n  t he  cloud system. 
3 ,  Test ing  t h e  Model w i th  E leva t ion  and S p a t i a l  Var i a t ions  of Seeding 
E f f e c t  
Previous ly  i n  t h i s  chapter  t h e  model w a s  t e s t e d  i n  s e v e r a l  ways 
using mainly p r e c i p i t a t i o n  d a t a  a t  one l o c a t i o n  w i t h i n  t h e  primary t a r -  
g e t  a r eas .  I n  t h i s  s e c t i o n  p r e c i p i t a t i o n  d a t a  from t h e  e n t i r e  Climax 
observing network is  u t i l i z e d  t o  e x h i b i t  e l e v a t i o n  and s p a t i a l  va r i a -  
t i o n s  of seeding  e f f e c t  over t h e  experimental  a r e a .  These d a t a  a r e  
introduced i n  order  t o  1 )  show t h a t  seeding e f f e c t s  d i scussed  previ -  
ously i n  t h i s  chap te r  cover a  s u b s t a n t i a l  a r e a  and 2) show t h a t  d i f -  
fe rences  i n  observed p a t t e r n s  of seeding e f f e c t i v e n e s s ,  between Climax 
I (251) and Climax I1 (372) samples,  a r e  i n  q u a l i t a t i v e  agreement w i t h  
t h e  response of t h e  model t o  d i f f e r e n c e s  i n  t h e  p o t e n t i a l  f o r  p rec ip i -  
t a t i o n  augmentation and suppression on seeded days dur ing  these  two 
sampling per iods .  
The 65 snowboards of t h e  Climax observing network were p a r t i t i o n e d  
i n t o  11 groups a s  i l l u s t r a t e d  i n  Figure C3. I f  one-half o r  more of t h e  
snowboards w i t h i n  a group had snowfa l l  measurements on a g iven  day, t h e  
ind iv idua l  observa t ions  were averaged t o  d e r i v e  a group average f o r  t h e  
day. I f  less than one h a l f  of t h e  snowboards w i t h i n  a group had missing 
d a t a ,  t h e  e n t i r e  group p r e c i p i t a t i o n  was considered missing. Resu l t s  
f o r  t h e  11 snowboard groups,  p l u s  t h e  HA0 snowboard and record ing  gage 
combination (des igna ted  SG by Mielke et  a l . ,  1970),  a r e  shown a s  percent-  
age changes i n  average d a i l y  p r e c i p i t a t i o n  dur ing  seeded days compared 
with non-seeded days. 
It is  seen  i n  F igures  30 and 31, p o s i t i v e  seeding e f f e c t s  f o r  t h e  
warmest cloud temperatures  cover t h e  experimental  a r e a ,  and t h e  down- 
wind e x t e n t  of t h e s e  e f f e c t s  is not  def ined.  This  was demonstrated pre- 
v ious ly  by Mielke e t  a l .  (1970). Seeding e f f e c t i v e n e s s  i n c r e a s e s  
sharp ly ,  from t h e  500 mb temperature s t r a t i f i c a t i o n  -20C through - 1 1 C  t o  
t h e  one from -18C through - 1 1 C ,  i n  agreement w i t h  t h e  model, 
A d i f f e r e n c e  i n  t he  p a t t e r n  of seeding e f f e c t i v e n e s s  between Climax 
I (251) and Climax I1 (372) samples i s  noted i n  Figure 32. It is of 
i n t e r e s t ,  whether v a r i a t i o n s  i n  t h e  p o t e n t i a l  f o r  p r e c i p i t a t i o n  augmenta- 
t i o n  and suppress ion  on seeded days during t h e  two climax sampling pe r i -  
ods may exp la in  p a r t  of t h i s  d i f f e r e n c e .  
I n  o rde r  t o  i n v e s t i g a t e  t h i s  p o s s i b i l i t y ,  d i s t r i b u t i o n s  of seeded 
experimental even t s  among va r ious  s t r a t i f i c a t i o n s  of 700 mb equiva len t  
p o t e n t i a l  temperature and 700 mb wind d i r e c t i o n s  were computed. These 
a r e  shown i n  Table 9. 
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Table 9.  is t r i b u t i o n  of seeded experimental  even t s  among var ious  
s t r a t i f i c a t i o n s  of 700 mb equ iva l en t  p o t e n t i a l  temperature 
and/or 700 mb wind d i r e c t i o n s  f o r  Climax I (251) and Climax 
I1 (372) samples 
700 mb 700 mb Climax I (251) Climax I1 (372) 
Wind d i r e c t i o n  Equiv. po t .  temp. s amp l e  sample 
(degrees) (degrees K) (% (%I 
I t  i s  seen  i n  Table 9 t h a t  6.5 percent  more of t h e  t o t a l  experi-  
mental even t s  occurred wi th  southwest flow during t h e  Climax I1 sampling 
per iod .  Most of t h i s  i n c r e a s e  i n  southwest flow cases  came from a de- 
c r ease  i n  wes t e r ly  flow cases .  Also, i t  is seen  t h a t  5 .3  percent  more 
of t h e  t o t a l  experimental  even t s  occurred i n  t h e  warmest cloud tempera- 
t u r e  category,  and l i t t l e  change was observed i n  t h e  c o l d e s t  category 
where a p o t e n t i a l  f o r  overseeding may e x i s t .  With more southwest flow 
even t s  and warmer cloud cond i t i ons ,  one might expect some i n c r e a s e  i n  
t h e  p o s i t i v e  seeding e f f e c t  over t h e  experimental  a r e a  during t h e  Climax 
I1 sampling per iod .  This  i s  seen  t o  be  t h e  case  i n  Figure 32. 
It is a l s o  seen i n  Table  9 ,  t h e r e  a r e  some important  d i f f e r e n c e s  
between t h e  two Climax samples i n  t h e  d i s t r i b u t i o n s  of seeded exper i -  
mental even t s  among double s t r a t i f i c a t i o n s  of 700 mb wind d i r e c t i o n  and 
700 mb equiva len t  p o t e n t i a l  temperature.  The percentage of warmest 
southwest flow events  was n e a r l y  doubled, and t h e  percentage of co ldes t  
southwest flow events  was reduced f o r  t h e  Climax I1 (372) sample. Also, 
t he  percentage of wannest northwest flow cases  was almost halved,  and 
t h e  percentage of co ldes t  northwest flow cases  was almost doubled f o r  
t h e  Climax I1 (372) sample. The model response t o  t h e  Climax I1 d i s t r i -  
bu t ion  of seeded events  would suggest  a l a r g e r  p o s i t i v e  seeding e f f e c t  
wi th  southwest flow and a smal le r  p o s i t i v e  seeding e f f e c t  w i th  north- 
west flow events  than  was observed f o r  t h e  Climax I d i s t r i b u t i o n .  This  
is seen  t o  be  t h e  case  i n  Figures  33 and 34. It appears  t h e  l a r g e r  
p o s i t i v e  seeding e f f e c t s  on t h e  southern  s lopes  of Fremont and Hoosier 
Passes  during southwest flow, and t h e  reduct ion  of p o s i t i v e  seeding 
e f f e c t s  on t h e  no r the rn  s lopes  of t h e s e  passes  during northwest flow, 
have r e s u l t e d  i n  a r e v e r s a l  of t h e  p a t t e r n  i n  o v e r a l l  seeding e f f e c t i v e -  
ness  observed i n  Figure 32 between t h e  two Climax samples. 
I t  is  of cons iderable  i n t e r e s t  t h a t  t h e  d i f f e r i n g  d i s t r i b u t i o n s  of 
seeded days among t h e  va r ious  c l a s s e s  of meteoro logica l  parameters was 
mainly due t o  t h e  r e s u l t s  of randomization, r a t h e r  than r e a l  d i f f e r e n c e s  
i n  e x i s t i n g  weather regimes during t h e  two sampling per iods .  
6 .  The Problem of Spurious Upwind Seeding 
I t  was mentioned previous ly  t h a t  upwind seeding a c t i v i t i e s  were 
conducted during t h e  1965-69 Climax experimental  per iod .  These were 
conducted f o r  t h e  most p a r t  a t  t h e  Park Range experiment about 75 mi l e s  
northwest of Climax, Colorado. While i t  is o u t s i d e  t h e  scope of t h i s  
CONTINENTAL CONTINENTAL 
Figure 33. Percentage change i n  average precipitation during seeded days compared with non-seeded days 
for 700 mb wind directions 190 through 250 degrees, Results are shown for Climax I ( 2 5 1 )  sample 
( l e f t )  and Climax I1 (372) sample (right).  
CONTINENTAL 
Figure 34. Percentage change i n  average precipitation during seeded days compared with non-seeded days 
for 700 mb wind directions 310 through 360 degrees. Results are shown for Climax I (251) sample 
( l e f t )  and Climax I1 (372) sample (r ight) .  
Figure  35. Percentage change i n  average p r e c i p i t a t i o n :  F igu re  36. Percentage change i n  average p r e c i p i t a -  
du r ing  seeded days compared w i t h  non-seeded days t i o n  dur ing  seeded days compared w i t h  non-seeded 
f o r  equiv. po t .  temps. from 308K t o  less than  days f o r  equiv. po t .  temps. from 308K t o  less 
326K and 700 rnb wind d i r e c t i o n s  from 310 t h r u  360 than  326K and 700 mb wind d i r e c t i o n s  from 190 
degrees  f o r  T o t a l  Climax sample (623 days) .  through 250 degrees  f o r  T o t a l  Climax sample (623 
days) .  
paper t o  perform a d e t a i l e d  a n a l y s i s  of poss ib l e  upwind seeding e f f e c t s ,  
d a t a  a l ready  presented  al lows f o r  a pre l iminary  look a t  the  problem. 
It appears  t h e r e  was no c r i t i c a l  confounding of t h e  Climax exper i -  
ment during t h e  1965-70 per iod  from upwind seeding a c t i v i t i e s .  I t  was 
seen  t h a t  r e s u l t s  of t h e  Climax I1 (372) sample were i n  agreement f o r  
t h e  most p a r t  w i th  t h e  r e s u l t s  of t h e  Climax I sample and wi th  model 
equat ions ,  Fu r the r ,  i t  was seen  t h a t  d i f f e r e n c e s  i n  t h e  p a t t e r n  of 
seeding e f f e c t i v e n e s s  between these  two samples were i n  q u a l i t a t i v e  
accord wi th  i n d i c a t i o n s  of t h e  model, There i s  a suggest ion i n  Table 1 
however, t h a t  e l imina t ion  of p o s s i b l e  upwind seeding events  has  gener- 
a l l y  increased  p o s i t i v e  seeding e f f e c t s  f o r  most cloud temperatures ,  and 
e s p e c i a l l y  f o r  warmer cloud temperatures.  This  sugges t s  t h a t  e l imina t ion  
of t h e s e  p a r t i c u l a r  events ,  which a r e  s t r o n g l y  b iased  toward heavy pre- 
c i p i t a t i o n ,  has  l e f t  t h e  Climax I1 (296) sample stro.ngly b iased  toward 
smal le r  p r e c i p i t a t i o n  events .  It would seem t o  fol low then ,  t h a t  cloud 
systems a s s o c i a t e d  wi th  t h e s e  events  would a l s o  be b i a sed  toward e i t h e r  
1 )  smal le r  than average upward speeds,  2) smal le r  than  average cloud 
th ickness  (which very l i k e l y  means lower than average cloud tops)  o r  3) 
a combination of both. The lower than average cloud tops  a r e  a p o s s i b l e  
explana t ion  f o r  t h e  gene ra l  i n c r e a s e  i n  p o s i t i v e  seeding e f f e c t s  observed 
over  most of t h e  range of cloud temperature,  
The main discrepancy between t h e  Climax I1 (372) and Climax I1 
(296) samples appears  i n  t h e  warmest, o r  l a r g e s t  ca t egor i e s  of Tables 
1, 2 and 3, A s u b s t a n t i a l  i n c r e a s e  i n  t h e  p o s i t i v e  seeding e f f e c t  i s  
observed f o r  t h e  Climax (296) sample, It is  of cons iderable  i n t e r e s t  
whether t h i s  might be  due t o  t h e  upwind seeding. It has a l r eady  been 
shown t h a t  t h e  a v a i l a b l e  average condensation r a t e  was somewhat lower 
during t h e  f ive-year  pe r iod  from 1965-70, and consequently,  t h e  model 
sugges ts  t h a t  S.M.P. should t h e r e f o r e  become a v a i l a b l e  a t  s l i g h t l y  warmer 
temperatures.  Thus, t h e  smaller p o s i t i v e  seeding e f f e c t s  observed f o r  
t h e  Climax I1 (372) sample f o r  500 mb temperatures of -20C and warmer 
is  i n  q u a l i t a t i v e  agreement w i th  t h e  model. On t h e  o t h e r  hand, i f  upwind 
seeding increased  t h e  p r e c i p i t a t i o n  on Climax I1 non-seeded days w i t h i n  
t h e  -18C t o  -20C temperature range,  t h i s  same r e s u l t  i n  seeding e f f e c t i v e -  
ness  would be observed, I n  i n v e s t i g a t i n g  t h i s  p o s s i b i l i t y ,  it w a s  found 
t h a t  t h r e e  unusual ly heavy p r e c i p i t a t i o n  events  (between .50 and .87 
inches  of water  equiva len t  pe r  day) occurred w i t h i n  t h i s  temperature 
range on Climax I1 non-seeded days,  when seeding was conducted upwind a t  
t he  Park Range. It was a l s o  discovered t h a t  t h e  average p r e c i p i t a t i o n  
f o r  500 mb temperatures  of -18C t o  -20C i s  s l i g h t l y  h igh ly  f o r  t h e  Climax 
I1 (372) sample than  t h e  Climax I (251) sample, even though p r e c i p i t a t i o n  
i n  gene ra l ,  tended lower over  t h e  Climax I1 sampling pe r iod ,  It seems 
poss ib l e ,  t h e r e f o r e ,  t h a t  some downwind seeding e f f e c t  was experienced 
a t  Climax, e s p e c i a l l y  w i th in  the  500 mb temperature range from -18C t o  
-20C. Thus, t h e  exact  500 mb temperature a t  which t h e  n a t u r a l  p rec ip i -  
t a t i o n  e f f i c i e n c y  begins t o  decrease  f o r  t h e  Climax I1 C372) sample i s  
somewhat i n  doubt. This  r eg ion  of doubt,  however, probably does no t  
exceed 2 degrees C of temperature and does not  s e r i o u s l y  a f f e c t  a gen- 
e r a l  v e r i f i c a t i o n  of t h e  model, 
CHAPTER V 
CLOUD MICROSTABILITY AND THE NATURE OF THE SEEDING EFFECT 
1. Introductory Remarks 
I t  is seen i n  Figures 11 and 12 t h a t  t h e  model equation describing 
t h e  average d i f f u s i o n a l  growth r a t e  of i c e  i n  t h e  cloud system decreases 
very rapidly  a s  cloud temperatures become warmer, reaching rapidly  a 
very smaU f r a c t i o n  of the  average vapor supply r a t e .  If cold cloud 
mic ros tab i l i ty  e x i s t s ,  such t h a t  a given magnitude of i c e  growth r a t e  
( o r  near ly  equivalent ly ,  a given i c e  c r y s t a l  concentration) is required 
t o  overcome t h i s  mic ros tab i l i ty  and i n i t i a t e  a p r e c i p i t a t i o n  r e l e a s e ,  
t h e  major e f f e c t  of seeding might be t o  increase t h e  durat ion of  pre- 
c i p i t a t i o n .  If t h i s  is not t r u e ,  then t h e  major e f f e c t  of  seeding t h e  
warmer cloud systems must be t o  increase  p r e c i p i t a t i o n  rates during 
snowfall hours. 
The character  of p r e c i p i t a t i o n  changes t h a t  r e s u l t  from seeding 
cold orographic clouds have no t  been defined nor  t r e a t e d  s t a t i s t i c a l l y .  
In  t h i s  chapter  t h e  t o t a l  p r e c i p i t a t i o n  change is p a r t i t i o n e d  i n t o  pre- 
c i p i t a t i o n  durat ion and i n t e n s i t y  change components. These components 
a r e  evaluated f o r  t h e  CLimax experimental da ta  and t h e  r e s u l t s  subjected 
t o  s t a t i s t i c a l  t e s t s .  These r e s u l t s  a r e  analyzed r e l a t i v e  t o  t h e i r  re- 
l a t i o n  t o  p r e c i p i t a t i o n  i n i t i a t i o n ,  p r e c i p i t a t i o n  suppression (overseed- 
ing ) and p r e c i p i t a t i o n  forecas t ing.  
In order  t o  p a r t i t i o n  t h e  t o t a l  p r e c i p i t a t i o n  change i n t o  meaning- 
f u l  components, t h e  experimental design must s a t i s f y  two important 
! 
I . .  
requirements. The experimental sampling u n i t  must be considerably 
longer than t h e  average n a t u r a l  p r e c i p i t a t i o n  episode, and t h e  experi- 
mental design must c a l l  f o r  seeding i r respec t ive  of whether snow is  
occurring na tu ra l ly .  The Climax experimental design f u l f i l l s  these  
c r i t e r i a  q u i t e  wel l ,  f o r  seeding generators were normally run regard- 
l e s s  of current  l o c a l  weather, and t h e  24-hour sampling u n i t  employed 
is two and one h a l f  times the  average da i ly  snowfall durat ion.  
I 
The hourly p r e c i p i t a t i o n  da ta  used i n  t h i s  study was from t h e  I 
I 
Climax 2NW recording gage (United S t a t e s  Weather Bureau S ta t ion  I 
#05-1660). This gage is located  a t  t h e  High Al t i tude  Observatory (HAO) 
of the  University of Colorado and is  very near  t h e  center  of  t h e  desig- 
nated  primary t a r g e t  a rea  of the  Climax experiment. Results  from t h e  
Tota l  Climax (623) sample a r e  shown i n  t h i s  chapter.  
2. Defini t ion of P rec ip i t a t ion  Change Components 
P rec ip i t a t ion  during a 24-hour sampling u n i t  can be expressed as  
t h e  number of  p r e c i p i t a t i o n  hours times the  hourly i n t e n s i t i e s  averaged 
over these  same hours. Therefore, t h e  change i n  t h e  24-hour p rec ip i t a -  
t i o n  t h a t  r e s u l t s  from seeding can be decomposed i n t o  i n t e n s i t y  and dur- 
a t ion  change components. 
The t o t a l  change i n  p r e c i p i t a t i o n  associa ted  with seeding is de- 
f ined i n  terms of a r a t i o  of t h e  average p r e c i p i t a t i o n  on seeded days 
compared with non-seeded days within a given meteorological s t r a t i f i c a -  
1 
t i o n  o r  grouping ! 
- - t o t a l  p r e c i p i t a t i o n  i n  seeded group - T~ number of  days i n  seeded group 
- t o t a l  p r e c i p i t a t i o n  i n  non-seeded group 
T n ~ 5  number of days i n  non-seeded group 
- - 
Tota l  p r e c i p i t a t i o n  change = Ts/Tns 
The change i n  t h e  i n t e n s i t y  of  p r e c i p i t a t i o n  is defined i n  terms 
of a  r a t i o  of t h e  average hourly i n t e n s i t y  on seeded days compared with 
non-seeded days. 
- - t o t a l  p r e c i p i t a t i o n  i n  seeded grou 
IS number of  seeded p r e c i p i t a t i o n  h o G s  i n  group 
- t o t a l  p r e c i p i t a t i o n  i n  non-seeded grou 
Ins= number of non-seeded p r e c i p i t a t i o n  h o 2 s  i n  group 
- - 
Prec ip i t a t ion  i n t e n s i t y  change = Is/Ins 
The change i n  t h e  durat ion of  p r e c i p i t a t i o n  is defined i n  terms of  
a  r a t i o  of  t h e  average number of p r e c i p i t a t i o n  hours on seeded days corn-' 
pared with non-seeded days. 
- - - number of seeded p r e c i p i t a t i o n  hours i n  group D~ number of days i n  seeded group 
- number of  non-seeded p r e c i p i t a t i o n  hours i n  group 
'ns' number of days i n  non-seeded group 
- - 
Prec ip i t a t ion  durat ion change = Ds/Dns 
It can be noted from an inspection of  t h e  defined r a t i o s ,  t h e  in-  
t e n s i t y  change and durat ion change r a t i o s  multiply t o  give t h e  t o t a l  
p r e c i p i t a t i o n  change r a t i o  o r  
3.  Prec ip i t a t ion  Change Components as  a  Function of 700 mb Equivalent 
P o t e n t i a l  Temperature 
The above r a t i o s  were generated as functions of t h e  700 mb equiva- 
l e n t  p o t e n t i a l  temperature using a  running mean over a  f i v e  degree 
in te rva l .  Figure 37 shows the three  prec ip i ta t ion  change r a t i o s  p lo t ted  
as a  function of the  700 mb equivalent po ten t ia l  temperature fo r  the  ~ 
Total Climax (623) sample. 1 
Figure 37. Seeded t o  non-seeded r a t i o s  of t o t a l  precipi ta t ion change, 
precipi ta t ion duration change and precipi ta t ion in tens i ty  change. 
Ratios were generated as a  function of 700 mb equivalent po ten t ia l  
temperature by computing running means over a  f i ve  degree tempera- 
t u r e  in te rva l .  Precipi ta t ion data  were measured a t  HA0 during 
experimental days of the  Total  Climax (623) sample. 
It  is seen f o r  temperatures below 306K, a l l  t h r e e  p r e c i p i t a t i o n  
change r a t i o s  a r e  near ly  one u n t i l  t h e  very coldest  temperatures a r e  
reached. A t  an equivalent  p o t e n t i a l  temperature of about 290K, t h e  
t o t a l  p r e c i p i t a t i o n  change and durat ion change r a t i o s  decrease and 
reach values near  0.5 t o  0.6 f o r  t h e  very coldes t  temperatures. Above 
an equivalent  p o t e n t i a l  temperature of 306K, the re  is an i r r e g u l a r  r i s e  
i n  t h e  t o t a l  p r e c i p i t a t i o n  change r a t i o .  I t  reaches a  minor peak a- 
round 310K and a t t a i n s  a  major peak of over 3.0 around 317K t o  318K. 
I t  is i n t e r e s t i n g  t o  note t h a t  i n  genera l ,  f luc tua t ions  i n  t h e  
t o t a l  p r e c i p i t a t i o n  r a t i o  a r e  mainly control led  by t h e  va r ia t ions  of 
t h e  durat ion change r a t i o .  The major e f f e c t s  of seeding t h e  Climax 
cold orographic cloud system appear t o  be 1 )  t o  suppress p r e c i p i t a t i o n  
during some hours with t h e  coldes t  cloud systems, when it would have 
occurred n a t u r a l l y  and 2 )  t o  a f f e c t  a  p r e c i p i t a t i o n  r e l e a s e  during 
many hours with t h e  warmest cloud systems, when it would not have oc- 
curred na tu ra l ly .  Only f o r  t h e  warm cloud systems does the re  appear 
a  r e l a t i v e l y  small  contr ibution t o  t h e  t o t a l  p r e c i p i t a t i o n  change from 
an i n t e n s i t y  change. 
I t  should be noted t h a t  t h e  i n t e n s i t y  change computed here com- 
pares the  average hourly p r e c i p i t a t i o n  i n t e n s i t y  f o r  seeded conditions 
with t h a t  f o r  non-seeded condit ions.  The average hourly p r e c i p i t a t i o n  
i n t e n s i t y  f o r  favorable seeding conditions may include those hours when 
snow would have occurred n a t u r a l l y ,  p lus  add i t iona l  hours of  p rec ip i t a -  
t i o n  a r i s i n g  from t h e  seeding. This analys is  the re fo re ,  does not  meas- 
ure exactly the  i n t e n s i t y  change t h a t  would r e s u l t  from seeding n a t u r a l  
snowfall hours only. However, d i s t r i b u t i o n s  of  hourly p r e c i p i t a t i o n  
i n t e n s i t i e s  f o r  n a t u r a l  and seeded conditions suggest t h a t  the  addi- 
t i o n a l  hours of  p r e c i p i t a t i o n  produced by seeding t h e  warmer cloud 
systems, are d i s t r i b u t e d  among t h e  hourly i n t e n s i t y  c lasses  s imi la r ly  
t o  t h e  n a t u r a l  p r e c i p i t a t i o n  hours. The i n t e n s i t y  change computed 
here the re fo re ,  approximates c lose ly  t h e  i n t e n s i t y  change t o  be ex- 
pected f o r  n a t u r a l  snowfall hours. 
4. Duration and In tens i ty  Change Components as a Function of  To ta l  
P rec ip i t a t ion  Change 
Figure 38 is  an attempt t o  show t h e  durat ion and i n t e n s i t y  change 
r a t i o s  a s  a  function of  t h e  t o t a l  p r e c i p i t a t i o n  change r a t i o .  The 
curves are f i t t e d  by eye with the  r e s t r i c t i o n  t h a t  points  on t h e  dura- 
t i o n  and i n t e n s i t y  change curves must multiply t o  give t h e  t o t a l  pre- 
c i p i t a t i o n  change r a t i o .  I t  is  seen t h a t  t h e  durat ion change r a t i o  
exer t s  major con t ro l  over t h e  t o t a l  p r e c i p i t a t i o n  change r a t i o .  
5. Duration Effect  and t h e  Number of P rec ip i t a t ion  Hours 
In  order  t o  s t a t i s t i c a l l y  t e s t  t h e  s ign i f i cance  of t h e  p rec ip i t a -  
t i o n  durat ion change, d i s t r i b u t i o n s  of p o s i t i v e  and zero p r e c i p i t a t i o n  
hours f o r  seeded and non-seeded Climax experimental days were inves t i -  
gated,  when 700 mb equivalent  p o t e n t i a l  temperatures were 315K through 
320K. The contingency t a b l e  is shown i n  Table 10. The n u l l  hypothesis 
f o r  t h i s  t e s t  is  t h a t  seeding has no e f f e c t  on t h e  number o f  individ-  
ua l s  i n  t h e  zero category. The a l t e r n a t e  hypothesis is t h a t  seeding 
reduces t h e  number of  zero p r e c i p i t a t i o n  hours. The value of  chi- 
square f o r  t h i s  t e s t  suggests  the  n u l l  hypothesis may be r e j e c t e d  i n  
favor o f  t h e  a l t e r n a t e  hypothesis and t h e r e  is a  very high p robab i l i ty  
t h a t  some p o s i t i v e  p r e c i p i t a t i o n  hours on seeded days would be zero 
without seeding. 
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Table 10. Contingency t a b l e  showing t h e  number of p o s i t i v e  and zero  
p r e c i p i t a t i o n  hours d i s t r i b u t e d  according t o  seeded and 
non-seeded conditions f o r  the  To ta l  Climax (623) sample, 
when 700 nib equivalent  p o t e n t i a l  temperatures were 315K 
through 320K. 
Seeded Non-seeded 
p o s i t i v e  p rec ip i t a t ion  hours 10 6 
zero p r e c i p i t a t i o n  hours 299 
chi-square = 49.3 with 1 degree of  freedom 
A n u l l  hypothesis s t a t i n g  t h a t  t h e  average number of p r e c i p i t a t i o n  
hours on seeded experimental days (6.28 h r s )  is equal  t o  t h a t  on non- 
seeded experimental days (2.12 h r s )  may be r e j e c t e d  at the  3 percent  
s igni f icance  l e v e l  using Student 's  t-test. On t h e  bas i s  of  these  two 
t e s t s ,  t h e r e  seems t o  be l i t t l e  doubt t h a t  seeding had a pronounced 
influence i n  a f f e c t i n g  a change i n  t h e  d i s t r i b u t i o n  of zero  and posi- 
t i v e  hours of p r e c i p i t a t i o n  f o r  these  t y p i c a l  warmest cloud systems. 
I t  can a l s o  be demonstrated t h a t  seeding probably produces a decrease 
i n  the  number of p r e c i p i t a t i o n  hours f o r  t h e  cold and r e l a t i v e l y  dry 
cloud systems. This may be seen i n  Table 11. 
The n u l l  hypothesis f o r  t h i s  t e s t  is  t h a t  seeding has no e f f e c t  on 
t h e  number o f  individuals  i n  t h e  zero category. The a l t e r n a t e  hypoth- 
e s i s  is t h a t  seeding increases  the  number of zero p r e c i p i t a t i o n  hours. 
The value of chi-square' f o r  t h i s  test suggests  the  n u l l  hypothesis may 
be r e j e c t e d  i n  favor o f  t h e  a l t e r n a t e  hypothesis and t h e r e  is a high 
p robab i l i ty  t h a t  some zero p r e c i p i t a t i o n  hours on seeded days would be 
p o s i t i v e  without seeding. 
I 
Table 11. Contingency t a b l e  showing the  number of p o s i t i v e  and zero 1 
p r e c i p i t a t i o n  hours d i s t r i b u t e d  according t o  seeded and i 
non-seeded condi t ions  f o r  t h e  To ta l  Climax (623)  sample, 
when 700 mb equivalent  p o t e n t i a l  temperatures were 284K ., 
I through 2 89K. i 
I 
Seeded Non-seeded I 
p o s i t i v e  p r e c i p i t a t i o n  hours 51 7  3  
ze ro  p r e c i p i t a t i o n  hours 296 19 5  
1 
chi-square = 14.8 with 1 degree of  freedom - 1  
The average number of  p r e c i p i t a t i o n  hours p e r  experimental day f o r  1 
I 
seeded condit ions (3.53 h r s )  i s  only about h a l f  t h a t  f o r  non-seeded 
* 1 
I 
condi t ions  (6.54 h r s ) .  However, S tudent ' s  t - t e s t  on t h e  d i f f e rence  of 
these  averages i n d i c a t e s  one chance i n  s i x  t h a t  t h i s  could occur by 1 
chance . I 
i 
1 
The above two t a b l e s  demonstrate a  high p r o b a b i l i t y  t h a t  seeding. 1 
- I 
has a  inf luence  on t h e  dura t ion  of  p r e c i p i t a t i o n .  I t  is 
I 
evident  from Figure 37, t h e  major e f f e c t  of seeding warmer cloud sys- ' 
terns is i n  overcoming cloud m i c r o s t a b i l i t y  and i n i t i a t i n g  p r e c i p i t a t i o n ,  
when it would not  have occurred n a t u r a l l y  .. I 
t 
I 
6. Cloud Mic ros tab i l i t y  and Forecast ing P r e c i p i t a t i o n  From Cold i 
O r o n r a ~ h i c  Clouds 
In  i n v e s t i g a t i n g  the  na tu re  of t h e  seeding e f f e c t ,  evidence was I 
found f o r  t h e  exis tence  of  cloud m i c r o s t a b i l i t y  a t  warmer cloud temp- 
I 
e ra tu res .  Ine f f i c i ency  of  t h e  n a t u r a l  cloud sys'tem mainly l i e s  i n  no t  
I being ab le  t o  overcome t h i s  cloud m i c r o s t a b i l i t y .  This suggests  t h e  , 
, I  
magnitude of the  d i f f u s i o n a l  growth r a t e  of i c e  i n  t h e  cloud system I 
contro ls  the  p r e c i p i t a t i o n  r e l e a s e  i n  these  clouds, Further  i n d i r e c t  i 
evidence of t h i s  i s  found i n  t h e  Climax experimental da ta  l i s t e d  next: 
Table 12. ~ i s t r i b u t i o n  of non-seeded experimental days, experimental 
p r e c i p i t a t i o n  days and experimental zero p r e c i p i t a t i o n  days 
with t h e  concurrent 500 mb temperature f o r  t h e  To ta l  Climax 
(623) sample. 
Temperature No. of No. of No. of Percentage of 
Category Exp. Days Prec ip .  Days Zero Days Precip. Days 
(OC t o  Exp. Days 
Tota l  o r  Average (321) 
In t a b l e  12 t h e  percentage of p r e c i p i t a t i o n  days t o  experimental days 
is r e a l l y  a' measure of t h e  accuracy i n  fo recas t ing  measurable prec ip i -  
t a t i o n  by present  day forecas t ing  techniques. The experimental days of 
t h e  Climax experiment were based upon a fo recas t  of  measurable prec ip i -  
t a t i o n  a t  Leadvil le  , Colorado, which l i e s  within ,the t a r g e t  a rea .  
The decl ine  i n  fo recas t  accuracy a s  cloud temperatures become 
warmer i s , s t a r t l i n g .  The Weather Bureau Forecast Center i n  Denver was 
over 90 percent  accura te  i n  t h e i r  fo recas t s  of measurable p r e c i p i t a t i o n  
when 500 mb temperatures were -26C and colder .  This decl ined s t e a d i l y  
a s  500 mb ' t ckpera tures  became warmer reaching only 3 3 . 3  percent  f o r  
temperatures from -15C t o  - 1 1 C .  It seems reasonable t o  assume t h a t  
. . 1 
t h e  f o r e c a s t e r ,  using the  usua l  f o r e c a s t  methods and procedures, found 
these  events  t o  be equally l i k e l y  t o  produce measurable p r e c i p i t a t i o n .  
I t  follows then ,  t h a t  t h e  cause of t h e  dec l ine  i n  f o r e c a s t  accuracy is  
probably due t o  t h e  neglec t  of an important and temperature dependent 
f a c t o r .  I t  is  bel ieved t h a t  current  f o r e c a s t  procedures emphasize 
condensation r a t e s  and neg lec t  i c e  growth r a t e s ,  and t h e  usua l  assump- 
t i o n  t h a t  condensate w i l l  automatical ly be converted t o  p r e c i p i t a t i o n  
does not  hold f o r  these  warmer orographic cloud systems. A s  i s  seen 
i n  Table 12 ,  a s  cloud temperatures become warmer, t h e  p robab i l i ty  de- 
creases t h a t  cloud m i c r o s t a b i l i t y  w i l l  be overcome and a p r e c i p i t a t i o n  
r e l e a s e  obtained.  
CHAPTER V I  
OVERSEEDING AND THE INVALIDITY OF THE MODEL 
i' 
I n  t h e  development of t h e  model equat ions ,  t h e  p o s s i b i l i t y  was 
pointed out  t h a t  under c e r t a i n  meteoro logica l  condi t ions  seeding might 
cause a  decrease  i n  p r e c i p i t a t i o n  on the  mountain. I n  p a r t i c u l a r ,  t h i s  
p o s s i b i l i t y  seemed favored by cloud systems wi th  very cold temperatures  
and very high wind speeds normal t o  t h e  b a r r i e r .  I t  was a l s o  poin ted  
out  subsequerltly,  t h a t  t h e  model p r e c i p i t a t i o n  and S.M.P. equat ions 
were no t  v a l i d  i f  cloud t rea tment  brought about overseeding.  These 
equat ions  a r e  based on cons ide ra t ions  of cloud e f f i c i e n c y ,  which do n o t  
t r a n s f e r  i n t o  terms of p r e c i p i t a t i o n  e f f i c i e n c y  under overseeded con- 
d i t i o n s .  Losses due t o  i c e  c r y s t a l  evaporat ion a r e  no longer  smal l  
compared t o  the  t o t a l  vapor suppl ied  t o  t h e  cloud system, and t h e  as- 
sumption underlying t h e  model equat ions  i s  no t  v a l i d .  
Experimental evidence a l ready  presented sugges ts  overseeding may 
occur a t  Climax during both  of t h e  above mentioned condi t ions .  Tables 
1, 2 ,  3 and 6 show negat ive  seeding e f f e c t s  f o r  t h e  co ldes t  and d r i e s t  
cloud systems and f o r  h ighes t  wind speeds. Some of t h e  p-values f o r  
t hese  s t a t i s t i c a l  t e s t s  were l e s s  than 5 percent .  Table 11 a l s o  demon- 
s t r a t e s  a  high p r o b a b i l i t y  t h a t  some zero p r e c i p i t a t i o n  hours on seeded 
days would have been p o s i t i v e  wi thout  seeding f o r  t h e  co ldes t  cloud 
systems. It i s  a l s o  seen  i n  Table 13 ,  a high p r o b a b i l i t y  e x i s t s  t h a t  
some zero p r e c i p i t a t i o n  hours  on seeded days would have been p o s i t i v e  
without  seeding f o r  t hese  h ighes t  wind speeds.  Thus, t h e r e  is  s t rong  I ) 
evidence t h a t  overseeding i s  very r e a l ,  and a complex func t ion  of cloud 
temperatures and t h e  speed of t h e  wind flow normal t o  t h e  b a r r i e r  a s  
suggested by Ludlam (1955). 
Table 13. Contingency t a b l e  showing t h e  number of p o s i t i v e  and zero  
p r e c i p i t a t i o n  hours d i s t r i b u t e d  according t o  seeded and 
non-seeded condi t ions  f o r  t h e  T o t a l  Climax (623) sample, 
when 700 mb wind speeds were 15 through 28 meters l sec .  
Seeded Non-seeded 
P o s i t i v e  p r e c i p i t a t i o n  hours  156 199 
Zero p r e c i p i t a t i o n  hours 466 377 
' Chi-square = 16.8 wi th  1 degree of freedom 
P ( ~ ~  3 16.8) < .005 
Overseeding is  mainly a du ra t ion  e f f e c t ,  f o r  i f  p r e s e n t ,  snow 
c r y s t a l s  do no t  reach t h e  mountain and p r e c i p i t a t i o n  ceases ,  This  i s  
demonstrated i n  Figure 37, which shows t h a t  decreases  i n  d a i l y  p rec ip i -  
t a t i o n  due t o  seeding a t  t h e  extremely cold cloud temperatures  a r e  
t o t a l l y  a du ra t ion  e f f e c t .  I n  t h e  development of  t he  model, i t  was pro- 
posed t h a t  overseeding a s soc i a t ed  wi th  extremely cold cloud temperatures 
might occur due t o  t h e  reduct ion  i n  c r y s t a l  s i z e  and f a l l  speeds a s  
cloud supe r sa tu ra t ion  lowers i n  response t a  a growing excess  of c r y s t a l  
concen t r a t ion  over  t he  optimum. However, i t  i s  d i f f i c u l t  t o  p in  po in t  
a t  what c r G t a l  concent ra t ion  t h e  s t a g e  of overseeding i s  reached, s i n c e  
t h i s  i s  a l s o  a func t ion  of t h e  wind speed normal t o  t h e  b a r r i e r .  1 " 
Ludlam (1955) suggested excess ive  c r y s t a l  concent ra t ions  by a f a c t o r  of 1 
t en  may not  be harmful. This  f a c t o r  can be es t imated  f o r  t h e  Climax 
1 
cloud system, £or  condi t ions  averaged over a l l  wind speeds ,  by consider-  
ing  Figure 15. It  is  seen t h a t  t h e  temperature range over  which precip-  
i t a t i o n  changes a r e  e s s e n t i a l l y  cons tan t  and near  ze ro ,  covers about 
a f i v e  t o  s i x  degree i n t e r v a l  of cloud temperature.  The i c e  nuc le i  
temperature spectrum observed f o r  seeded days a t  Climax and c a l c u l a t i o n s  
of optimum c r y s t a l  concen t r a t ion ,  may be compared t o  eva lua t e  t h i s  fac-  
t o r .  Following t h i s  approach, i t  is  es t imated  t h a t  c r y s t a l  concentra- 
t i o n s  exceeded t h e  optimum concent ra t ion  by about a  f a c t o r  of 14 before  
p r e c i p i t a t i o n  e f f i c i e n c y  a t  HA0 was no t i ceab ly  lowered, 
I t  is  emphasized however, t h a t  t h i s  f a c t o r  was eva lua ted  f o r  condi- 
t i o n s  averaged over a l l  wind speeds and should be sma l l e r  f o r  h igher  ' 
wind speeds.  This  f a c t o r  may, i n  f a c t ,  become inde termina te  a t  extremely 
high wind speeds,  i f  t h e  concept of an optimum c r y s t a l  concent ra t ion  
becomes i n v a l i d  due t o  overseeding. 
I n  designing ope ra t iona l  programs, t h e  case  where overseeding i s  
due mainly t o  t h e  coldness  of t h e  cloud system (wind speeds a r e  n o t  a  
c r u c i a l  f a c t o r )  p r e s e n t s  only a  minor problem. Cloud e f f i c i e n c y  be- 
comes optimum be fo re  overseeding e n t e r s  t h e  p i c t u r e ,  and one should not  
oe seeding t h e s e  cloud systems anyway. However, f o r  extremely high 
wind speeds,  i t  i s  conceivable  t h a t  seeding may i n c r e a s e  cloud e f f i -  
ciency, while  causing a  decrease i n  p r e c i p i t a t i o n  e f f i c i e n c y .  I t  is  
t h i s  p a r t i c u l a r  case  t h a t  w i l l  r e q u i r e  c a r e f u l  design cons idera t ions .  
VHAPTER VII 
ANALYSES OF WEATHER MODIFICATION POTENTIAL 
1. Natural Precipitation Efficiencies 
Precipitation efficiencies can be discussed in terms of the amount 
of precipitation observed at the ground compared to the available rate 
of condensation defined in the model development. In Figures 39 and 40 
it is seen, by comparing the areas under the natural precipitation 
curves to those under the available rate of condensation curves, that 
the natural precipitation efficiencies are 35 percent and 37 percent 
for the Climax I (251) and Climax I1 (372) samples respectively. These 
values of precipitation efficiencies are evaluated in the warmer cloud 
temperature region where the diffusional growth rate of ice has fallen 
below the available rate of condensation. It may also be noted in 
Figures 39 and 40, observed precipitation efficiencies are a little 
greater than given by the model precipitation equation, which assumed 
only diffusional growth of ice crystals. This difference in precipita- 
tion efficiency reaches a factor as high as 12 at 500 mb temperatures 
of -16C to -14C in both Climax samples. Since crystal replication indi- 
cates that accretional growth of ice crystals seldom attains the same 
magnitude as diffusional growth in the Climax cloud, an ice crystal 
multiplication factor between 6 and 12 may be present at these warmer 
cloud temperatures. This is in good agreement with Grant (1968), who 
found ice crystal multiplication of around 10 for several cases in this 
temperature range. 
These values of natural precipitation efficiency indicate that 
snowfall increases of 170 percent to 185 percent would be realized at 
these warmer cloud temperatures if seeding converts all the available 
ratc of condensation to snowfall on the mountain. These estimates do 
not include additional increases that might result from the existence 
2. Seeded Precipitation Efficiencies 
In Figures 39 and 40 it is seen, by comparing the areas under the 
seeded precipitation curves to those under the available rate of conden- 
sation curves, that seeded precipitation efficiencies are 89 percent 
and 76 percent for the Climax I and Climax I1 samples respectively. 
These values of precipitation efficiency were computed over the same 
cloud temperature region for which the natural efficiencies were de- 
t ermined. 
It should be emphasized at this point, this analysis considers 
only experimental precipitation days. When it is stated that 89 percent 
of the available rate of condensation was converted to snowfall for 
seeded conditions, this percentage refers only to those experimental 
days when a precipitation release was obtained. Those days, when a 
S.M.P. might have existed, but a precipitation release was not obtained, 
are not included in the analysis. 
3. Analysis of Static and Dynamic Modification Potentials 
The available rate of condensation curves shown in Figures 39 and 
40 for seeded conditions are estimates derived with the assumption that 
seeding has no effect on the average rate of condensation in the cloud 
system. In the event that seeding produced a significant D.M.P., and 
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Figure 39. Distributions of seeded and non-seeded precipitation 
at HA0 as a function of 500 mb temperature. Precipitation 
data are from Climax I (251) sample and values are a running 
mean over a two-degree temperature interval. 
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Figure 40. Distributions of seeded and non-seeded precipitation 
at HA0 as a function of 500 mb temperature. Precipitation 
data are from Climax I1 (372) sample and values are a running 
mean over a two-degree temperature interval. 
., 
simultaneously all the S.M.P. was realized, seeded precipitation values 
should fall above the available rate of condensation curve. This is 
the only way in which a beneficial dynamic seeding effect can be de- 
tected in this type of analysis. However, a D.M.P. can exist in spite 
of the fact that seeded precipitation values are below the available 
rate of condensation curve, since these values integrate dynamic and 
static seeding effects and the efficiency of seeding itself. 
It is seen from Figures 39 and 40 that precipitation values are 
generally near or just slightly below the available rate of condensa- 
tion curves during seeded conditions. It is therefore not necessary to 
invoke a dynamic seeding effect to explain these results. 
There are other reasons for believing dynamic seeding effects are 
small for the Climax cloud system. This cloud system is a relatively 
cold and dry one, since the mountain barrier producing it extends to 
near 14,000 ft msl and cloud bases are generally near 12,000 ft msl. 
Therefore, the additional latent heat of fusion, which is less than 
14 percent the latent heat of vaporization, is released by only a small 
mass of water. From this argument, and from the results of the Climax 
experiment, it appears that dynamic seeding effects are secondary to 
static seeding effects in the Climax cloud system. 
There is another point to be made concerning D.M.P. Any beneficial 
dynamic seeding effects that do exist, and which originate from changes 
in latent heat release, should occur mainly with warmer cloud systems 
where the diffusional ice process is naturally inefficient. In the 
colder cloud system essentially all the latent heat of sublimation is 
already released naturally, and seeding will not increase the amount 
released. For the warmer cloud systems however, where cloud water is 
not converted to ice efficiently, seeding could increase the latent ~ , 
heat release by adding all or part of the latent heat of fusion. 
Under I 
these conditions, D .M.P. would coexist with S .M.P., and meteorological 1 
I 
conditions which delineated the availability of S.M.P. would also de- 
lineate the availability of total weather modification potential. 
Estimates of Water Augmentation 
a. The Climax Area I I 
1 
It has been shown that significant increases in snowfall can be i 
1 
produced in the Climax area if meteorological conditions are favorable. ; 
I 
It is of interest that these favorable conditions do not accompany a 
large percentage of the total snowfall at Climax. In Table 14 there are 
presented estimates of what seeding would accomplish in the Climax area 
for 1) a program where all events were seeded, and 2) a program where 
only favorable meteorological conditions were seeded. Percentage 
changes used in this computation are derived from mean daily precipi- 
tation observed for seeded and non-seeded days for the HA0 site. 
It is estimated that percentage increases in snowfall might attain 
16 percent in the Climax area in a program of discriminatory seeding. 
This would represent 2.31 inches of additional water per winter season. 
These estimates of additional water to be added by cloud seeding were 
based on observed seeding results. In the next subsection, the weather 
modification potential model is employed, along with observed natural 
precipitation, to derive an estimate of what a discriminatory cloud 
seeding program at Wolf Creek Pass, Colorado would yield in terms of 
additional water. 
Table 14. Estimated changes in precipitation at HA0 for a seeded 
winter season with normal precipitation 
-- - 
ALL EVENTS ARE SEEDED 
500 mb temperatures Percentage Natural Percentage 
Snowfall Snowfall Change 
(inches) 
Total increase in snowfall is 1.07 inches or 7.5 percent 
FAVORABLE EVENTS ARE SEEDED 
Total increase in snowfall is 2.31 inches or 16 percent 
Seeded 
Snowfall 
(inches ) 1 
3.51 I * 
6.57 
b. The Wolf Creek Pass Area 
The model precipitation equation was fitted to observed natural 
precipitation at Wolf Creek Pass. This precipitation was an average of 
that observed at Wolf Creek West and Summit recording gages. Figure 41 
shows the results of fitting the model to this observed precipitation. 
It is immediately obvious that the strict diffusional model does not 
hold very well for the Wolf Creek cloud system at warmer cloud temper- 
atures. However, there is no problem in determining the critical temp- 
erature where the diffusional ice growth process begins to lose effi- 
ciency. It is noted that the mean upward speed of this cloud system 
is greater than the Climax cloud and the time-averaged cloud top during 
I 1 I 
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Figure 41. Distribution of non-seeded precipitation at Wolf Creek 
Pass as a function of 500 mb temperature compared to a theo- 
retical distribution computed using the weather modification 
potential model. Precipitation data are from Wolf Creek (441) 
sample and values are a running mean over a four-degree temp- 
erature interval. 
precipitation is about 25  mb lower. This appears consistent with the 
fact that the mountain barrier in the Wolf Creek Pass area is about 
1400 ft lower than in the Climax area. 
If the average diffusional growth rate of ice equation is used to 
estimate the additional water to be added by cloud seeding, the amount 
of tle additional water would be overestimated. However, if the ob- 
served natural precipitation is employed instead, and compared to the 
available average rate of condensation, reasonable estimates of the 
additional water can be made. Table 15 shows these results. 
Table 15. Estimated changes in precipitation at Wolf Creek Pass for 
a winter season with 24  inches of total precipitation and 
assuming discriminatory seeding 
500 mb temperatures Percentage 
Snowfall 
Natural Percentage Seeded 
Snowfall Change Snowfall 
(inches) (inches ) 
Total increase in snowfall is 5.51 inches or 23 percent 
The more substantial precipitation augmentation at Wolf Creek Pass 
stems from the lower and warmer cloud and the greater upward speed in 
the cloud system. These factors combine to produce a greater total 
precipitation during the winter season, and causes a greater percentage 
of the total precipitation to fall under favorable seeding conditions. 
It is of interest that this estimate, of what a discriminatory 1 
seeding program would accomplisl~ for the Wolf Creek Pass area, is 
based soley on observations taken during natural precipitation ep2- 
sodes. Application of the model allows one to estimate results prior 
I 
to initiation of operational programs. 
CHAPTER VIII 
SUMMARY AND CONCLUSIONS 
.. Summary 
a .  wea ther  M o d i f i c a t i o n  P o t e n t i a l  Model 
A p h y s i c a l  model of t h e  c o l d  o r o g r a p h i c  c loud  system was fo rmula ted  
t h a t  s t i m u l a t e s  p r e c i p i t a t i o n  d u r i n g  non-seeded and seeded c o n d i t i o n s .  
Major assumptions  i n  t h e  model i n c l u d e d  1 )  s t e a d y  s t a t e  c o n d i t i o n s ,  
2 )  h o r i z o n t a l  t empera tu re  a d v e c t i o n  i s  s m a l l ,  3)  t h e  growth r a t e  of i c e  
i n  t h e  c loud  i s  s p e c i f i e d  by d i f f u s i o n a l  growth of i c e  c r y s t a l s  t h a t  
a c t i v a t e  from pr imary i c e  n u c l e i ,  4)  c loud b a s e  and t o p  a r e  c o n s t a n t  i n  
t h e  h o r i z o n t a l  and 5) t h e  e v a p o r a t i v e  r a t e  of  i c e  c r y s t a l s  is  small com- 
pared  t o  t h e  t o t a l  vapor  supp ly  r a t e .  E f f i c i e n c y  of  t h e  i c e  p r o c e s s  i n  
t h e  model c loud is  d e f i n e d  a s  t h e  r a t i o  of t h e  r a t e  of i c e  growth t o  t h e  
r a t e  of vapor s u p p l i e d  i n  t h e  c loud system. F u l l  c loud e f f i c i e n c y  i s  
a t t a i n e d  when t h i s  r a t i o  r e a c h e s  one. I n  t h e  model p r e c i p i t a t i o n  e f f i c i -  
ency approximates  c loud  e f f i c i e n c y  i f  t h e  r a t e  of c r y s t a l  e v a p o r a t i o n  i s  
smal l  compared t o  t h e  vapor supp ly  rate.  The model i s  n o t  p h y s i c a l l y  i 
v a l i d  t h e r e f o r e ,  f o r  overseeded c o n d i t i o n s .  The model was pa ramete r ized  
i n  a t ime-averaged mode t o  make i t  compat ib le  w i t h  exper imenta l  d a t a  
a v a i l a b l e  f o r  t e s t i n g ,  and paramete rs  were e v a l u a t e d  f o r  c o n d i t i o n s  
r e p r e s e n t a t i v e  of  t h e  Climax c loud system. 
I n  t h e  model t h e  a v a i l a b i l i t y  of s t a t i c  m o d i f i c a t i o n  p o t e n t i a l  is 
mainly c o n t r o l l e d  by c loud  t o p  t empera tu re ,  T h i s  q u a n t i t y  d e f i n e s  t h e  
concen t ra t io r i  of growing c r y s t a l s  i n  t h e  c loud  system.  The c o n c e n t r a t i o n  
of c r y s t a l s  i n  t u r n ,  l a r g e l y  c o n t r o l s  c loud  s u p e r s a t u r a t i o n  which 
ultimately determines whether there is a net growth of liquid droplets 
in the cloud system. If a - net growth of liquid droplets is present in 
the cloud system, a static modification potential (S.M.P.) will exist, 
since this liquid water will be lost as precipitation, carried over the 
mountain and evaporated in the subsiding airstream in the mountain lee. 
The availability of dynamic modification potential (D.M.P.) in the 
model is also mainly controlled by cloud top temperature. In fact, it 
coexists with S.M.P. This follows since in the absence of S.M.P., dif- 
fusional growth of crystals is efficient in converting the vapor supply 
to ice form. Latent heat of fusion is already being released in the 
cloud system and seeding will not increase this amount, However, if 
S.M.P. does exist, a certain fraction of the liquid water is not being 
converted to ice form, and seeding may then release the latent heat of 
fusion from this unconverted portion of liquid water. Cloud top temp- 
erature, by controlling ice crystal concentrations in the cloud, large- 
ly controls the availability of total weather modification potential. 
In the model the cloud updraft speed exerts only a minor influence 
on the availability of weather modification potential. Doubling or trip- 
ling the updraft speed only displaces the availability of weather modi- 
fication potential about 2 to 3 degrees C toward colder cloud systems. 
A nearly equivalent effect could be realized in the model by lowering 
cloud top only 20 to 25 mb. If weather modification potential is present 
from other considerations, doubling the updraft speed will at least dou- 
ble the magnitude of this potential, and may increase it a few times 
over. Thus, the updraft speed takes on considerable importance in de- 
fining the magnitude of weather modification potential present, once its 
availability is established. 
Underlying model theory and physical observations indicated that 
accretional growth of crystals and probably ice crystal multiplication 
do not appreciably influence the availability of weather modification 
potential, only its magnitude. This follows since significant accre- 
tional growth depends upon the presence of cloud droplets with radii in 
excess of 7 or 8 microns. If diffusional growth of crystals is effi- 
cient in the cloud system, there is a small probability that a given 
droplet will attain the size necessary for its collection by a falling 
crystal. Thus, significant accretional growth does not appear in the 
cloud system until S.M.P. is present. Evidence also suggests that sig- 
nificant ice crystal multiplication occurs in conjunction with the ac- 
cretional growth of at least a portion of the crystals in the cloud. 
b. Testing the Model 
It was found that the model precipitation equation could be fitted 
to observed natural precipitation reasonably well for the Climax cloud 
system. Model parameters associated with this fit had realistic values. 
Effects upon precipitation of accretional growth and ice crystal multi- 
plication processes were subdued in the Climax cloud, so that the dif- 
fusional model performed satisfactorily. This was not the case for the 
Wolf Creek cloud system, where accretional growth and ice multiplication 
appear to assume more importance. 
When testing the model precipitation equation for seeded conditions, 
observed precipitation continued to increase irregularly with the warmer 
cloud systems. This increase occurred over the temperature range, where 
ice nuclei observations indicated the natural precipitation process 
should become increasingly inefficient, but the seeded precipitation 
process would maintain efficiency. Within this temperature range, the 
difference, between seeded and non-seeded precipitation, increased 
roughly exponentially, coincident with the exponential decline of dif- 
fusional ice growth in the natural cloud system. 
Snowfall augmentation was enhanced when wind flow and topographic 
features combined to produce the most favorable orographic lifting. 
Positive seeding effects also increased with the wind speed over the 
mountain barrier up to a point. For wind speeds above this point, a high 
probability of overseeding was demonstrated, and the model is no longer 
physically valid. Snowfall augmentation also extended into somewhat 
colder cloud systems, when orographic uplifting and synoptic scale up- 
ward motions were frequently superimposed upon one another. The con- 
sistency of observed seeding effects among the three independent data 1 
I samples, and with the model S.M.P. equation, was quite good. "1 
In testing the model theory with observed crystal growth processes, 
evidence was found that seeding reduced the number of rimed crystals 
for all cloud temperatures. It was found in the natural and seeded 
cloud systems that accretional growth of crystals became significant as 
the diffusional growth rate of ice fell below the vapor supply rate. 
Evidence suggested that seeding displaced the onset of significant ac- 
cretional growth in the cloud toward warmer cloud temperatures. This 
temperature displacement was approximately equal to the temperature in- 
terval that separates the natural and seeded diffusional ice growth 
rate equations. This behavior of crystal growth processes suggests that 
accretional growth of crystals is nature's way of attempting to maintail 
precipitation efficiency in cold orographic clouds, when the diffusional 
ice growth process no longer utilizes all of the vapor supplied to the 
I 
cloud system. 
c. The Nature of the Seeding Effect 
The investigation into the nature of the seeding effect revealed 
that seeding influences the duration of precipitation more than its in- 
tensity. The dominant effect of seeding warmer cloud systems was to 
bring about a precipitation release during many hours, when it would 
not have occurred naturally. A smaller beneficial effect was to in- 
crease precipitation rates during snowfall hours. Seeding also appeared 
to inhibit precipitation for cloud systems with very cold temperatures 
and high wind speeds. 
2. Conclusions 
a. Cloud Microstability 
The nature of the seeding effect suggests that a certain threshold 
of cloud microstability may exist in the cold orographic cloud. Unless 
the magnitude of the diffusional ice growth process, or nearly equiva- 
lently, the number of ice crystals exceeds a given value, a precipita- 
tion release will not be realized. The inefficiency of the cold oro- 
graphic cloud lies mainly in not overcoming this threshold of cloud 
microstability. Conversely, the natural precipitation efficiency of 
cold orographic clouds is relatively high during hours of precipitation 
occurrence, and seeding has a relatively smaller beneficial effect dur- 
ing these hours. 
b. Experimental and Operational Program Designs 
The Climax experimental results indicate that as operational or 
experimental sampling units become a smaller fraction of the average 
precipitation episode, and biased toward seeding during natural precip- 
itation occurrence, the total weather modification potential available 
will not be sampled nor realized. Seeding carried out only during nat- 
ural precipitation occurrence will realize approximately the intensity 
change component of the total precipitation change available. In the 
case of the Climax area, an experiment conducted in this mode would 
probably have yielded percentage increases in snowfall conservative by 
a factor of four or five for the warmer cloud temperatures. Design of 
operational and experimental programs should place emphasis on "cloud 
seeding" and not precipitation seeding for best results. 
c. Transfer of Climax Experimental Results to Other Barriers 
The blind transfer of Climax experimental results to other oro- 
graphic barriers would be unwise, if not meaningless. The natural pre- 
cipitation observed as a function of cloud temperature at Wolf Creek 
Pass points out the folly of such an approach. The actual weather mod- 
ification potential is quite sensitive to cloud top temperature and the 
microphysical processes that control accretional growth and ice crystal 
multi.plication. These must be defined for individual barriers. 
d. Water Augmentation 
Important, artificially induced increments of water may be added 
to winter snowpacks over many of the mountain ranges in the western 
United States by intelligent and discriminatory operational cloud seed- 
ing programs. Further, it appears that reasonable estimates, of the 
additional artificial water available on orographic barriers, can be 
obtained prior to operational programs through well-designed field pro- 
grams. The goal of such programs would be to measure over a sufficient 
period of time, quantities needed to solve the model equations and to 
define the magnitude of accretional growth and ice multiplication in 
the cloud systems. These estimates would provide valuable information 
f o r  dec is ion  nlaking concerning the  evolu t ion  of  o p e r a t i o n a l  programs 
throughout t h e  western United S t a t e s  and f o r  designing t h e s e  operat ion-  
a l  programs i n  t h e  f u t u r e .  
e .  Eff ic iency  of  Ground-based Seeding 
The r e a l i z a t i o n  of  76 t o  90 percent  o f  t h e  a c t u a l  S.M.P. f o r  t h e  
two Climax samples through seeding  from ground genera tors  i n d i c a t e s  
'~ 
t h i s  de l ive ry  system w a s  gene ra l ly  s a t i s f a c t o r y  i n  t h i s  i n s t ance .  A s  I 
poin ted  out  prev ious ly  however, t h e s e  percentages apply only t o  those  
days i n  which a  p r e c i p i t a t i o n  r e l e a s e  was obta ined .  I t  is n o t  known 
how much S.M.P. was no t  r e a l i z e d  on days i n  which a p r e c i p i t a t i o n  r e -  
l e a s e  w a s  no t  ob ta ined .  Some o f  t h e s e  days were undoubtedly " c l e a r  
sky" days. 
The seeding  r a t e  of 20 gms AgI/hr appeared t o  be a  good choice f o r  
t h e  Climax cloud system and r e s u l t e d  i n  p ick ing  up most o f  t h e  weather 
modi f ica t ion  p o t e n t i a l  a v a i l a b l e  on p r e c i p i t a t i o n  days. I t  i s  no t  
known whether a  h ighe r  seeding  r a t e  would have " t r iggered"  more prec ip-  
i t a t i o n  days during t h e  very warmest experimental  days, bu t  t h i s  seems 
t o  be a  p o s s i b i l i t y .  
f . General Conclusions 
The consis tency between experimental  r e s u l t s  of t h e  t h r e e  inde- 
pendent d a t a  samples and t h e  weather modi f ica t ion  p o t e n t i a l  model com- 
p r i s e  a v e r i f i c a t i o n  of  t h e  b a s i c  t e n e t s  o f  co ld  orographic cloud seed- 
i n g  theory.  The inconclus ive  r e s u l t s  o f  broadcas t  seeding programs i n  
t h e  p a s t  a r e  probably t h e  n e t  r e s u l t  o f  a  wide spectrum of  i n d i v i d u a l  
r e s u l t s .  These range from p r e c i p i t a t i o n  suppression f o r  t h e  c o l d e s t  
cloud systems t o  s i g n i f i c a n t  i n c r e a s e s  and p r e c i p i t a t i o n  i n i t i a t i o n  f o r  
warmer cloud systems. 
1 
I t  is  apparent t h a t  a c c r e t i o n a l  growth and i c e  mul t ip l i ca t ion  e f -  
f e c t s  w i l l  have t o  be brought i n t o  t h e  model f o r  it t o  s imula te  s a t i s -  
f a c t o r i l y  t h e  p r e c i p i t a t i o n  processes of some cold orographic clouds. 
This cannot be done using a mean term, a s  was poss ib le  f o r  d i f f u s i o n a l  
growth, s i n c e  an ana lys i s  of  t h i s  p o s s i b i l i t y  ind ica ted  t h e  devia t ion  
terms were considerably more important than t h e  mean term i n  t h e  case 
of a c c r e t i o n a l  growth. 
There is  probably an optimum b a r r i e r  he igh t  f o r  cloud seeding re-  
s u l t s  with present  technology. For high orographic b a r r i e r s ,  such as  
the  Climax b a r r i e r  (about 14,000 f t  rnsl), cloud tops  average around 
20,000 f t  m s l  and only about 20 percent  of  snowfal l  occurrence i s  under 
favorable condit ions f o r  seeding.  A t  Wolf Creek Pass where t h e  b a r r i e r  
i s  about 12,500 f t  m s l ,  about 60 percent  of snowfal l  occurrence i s  un- 
de r  favorable seeding condi t ions .  A s  lower mountain b a r r i e r s  a r e  con- 
s i d e r e d ,  t h e  percent  of  snowfal l  occurrence under favorable condit ions 
may perhaps, reach 80 t o  90 percent .  However, a s  even lower mountain 
b a r r i e r s  a r e  considered, a  poin t  may be reached where cloud top  temper- 
a tu res  a r e  s o  w a n  t h a t  nuclea t ing  agents  a r e  i n e f f e c t i v e  a  g rea t  d e a l  
of the  time. Also, a  poin t  is reached where t h e  mountain b a r r i e r  no 
longer s u s t a i n s  a  snow pack during the  winter  months. There i s  of 
course,  a  l a t i t u d i n a l  temperature inf luence  superimposed upon t h e  moun- 
t a i n  b a r r i e r  e f f e c t  discussed above. 
3 .  Further  Research 
The reason f o r  developing the  phys ica l  model i n  a  c l imatologica l  
mode was mainly s o  t h a t  it would be compatible with the  huge amount o f  
experimental f i e l d  d a t a  t h a t  was ava i l ab le  f o r  comparison and 
v e r i f i c a t i o n .  In  t h i s  mode i t  was a l s o  p o s s i b l e  t o  e s t a b l i s h  s ta t is t i -  
c a l  confidence i n  many of  t h e  r e s u l t s  obtained.  Work should cont inue 
toward de r iv ing  and improving more s o p h i s t i c a t e d  numerical  models which 
s imula te  t h e  n a t u r a l  p r e c i p i t a t i o n  processes  and t h e i r  changes wi th  
seeding.  These models may be e i t h e r ;  s o p h i s t i c a t e d  and probably time- 
dependent models f o r  f u r t h e r  r e sea rch  purposes,  o r  models f o r  cont ro l -  
l i n g  and eva lua t ing  o p e r a t i o n a l  programs, which w i l l  probably be  no 
more complicated than  i s  necessary t o  do an acceptab le  job.  
Three main o b s t a c l e s  remain before  r e a l l y  s a t i s f a c t o r y  models f o r  
use i n  co ld  orographic  cloud seeding programs become a r e a l i t y .  These 
a r e  1 )  more r e a l i s t i c  d e f i n i t i o n  o f  t h e  v e r t i c a l  motion f i e l d  over  t h e  
mountain b a r r i e r  with synop t i c  s c a l e  inf luences  included,  2 )  more r e a l -  
i s t i c  incorpora t ion  o f  t h e  d i f f u s i o n  and t r a n s p o r t  p rocesses  by which 
seeding m a t e r i a l s  reach t h e  cloud system, and 3) a more r e a l i s t i c  in -  
corpora t ion  of a c c r e t i o n a l  growth and i c e  m u l t i p l i c a t i o n  i n  t h e  models. 
Undoubtedly, more b a s i c  r e sea rch  is r equ i r ed  on some of  t hese  a spec t s  
before  s a t i s f a c t o r y  s o l u t i o n s  a r e  obtained.  
Research is  e s p e c i a l l y  needed on i c e  m u l t i p l i c a t i o n  i n  co ld  oro- 
graphic  clouds.  Evidence sugges ts  i t  may be r e l a t e d  t o  a c c r e t i o n a l  
growth wi th in  the  cloud system but  t h i s  is  by no means e s t a b l i s h e d .  It 
is o f  cons iderable  i n t e r e s t  t h a t  t h e  n a t u r a l  p r e c i p i t a t i o n  process  a t  
Wolf Creek Pass i s  almost twice a s  e f f i c i e n t  a t  t h e  warmer cloud temp- 
e r a t u r e s  than was t h e  Climax cloud system. Such d i f f e r e n c e s  i n  n a t u r a l  
p r e c i p i t a t i o n  e f f i c i e n c i e s  a r e  i n  need of  i n v e s t i g a t i o n  and explana t ion .  
The e x t e n t  o f  t h e  downwind seeding e f f e c t  during t h e  Climax exper- 
iment i s  n o t  w e l l  def ined .  Frequent ly,  t h e  major seeding  e f f e c t  was 
loca ted  on Hoosier Pass a t  t h e  eas t e rn  edge of  t h e  experimental a rea .  
Fur ther  work is now i n  progress t o  define t h e  magnitude, and t o  l o c a t e  1 
I 
geographical ly any downwind seeding e f f e c t .  
?he Climax experiment took on a new experimental design a s  of 
February 1, 1970. New f e a t u r e s  of t h i s  design include 1) el iminat ion  
of t h e  long d is tance  genera tors  a t  Reudi and Aspen, and 2 )  incorpora- 
t i o n  of a va r i ab le  seeding output i n  d i s c r e t e  s t e p s .  The seeding out- 
put  f o r  t h e  colder  cloud systems has been reduced an o rde r  of magnitude 
and increased  by a f a c t o r  of fou r  f o r  t h e  warmer cloud systems. The 
e l iminat ion  of  the  long d is tance  generators  may shed l i g h t  on t h e  poor 1 
seeding ef fec t iveness  observed with wes ter ly  wind flows i n  p r i o r  yea r s .  1 
The incorpora t ion  of va r i ab le  seeding outputs  i s  an attempt t o  seed 
more a p t l y  according t o  t h e  phys ica l  model. 
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CONTRIBUTIONS OF MEAN AND DEVIATION TERMS 
In order to estimate the importance of the deviation terms in ( 3 2 ) ,  
it is advantageous to consider correlations of the deviation quantities 
I 
under various cloud system temperature distributions. Evaluation is I ,
accomplished for conditions representative of the Climax cloud system 
1 since the model will be compared with precipitation data observed in , 
that area. The following assumptions and conditions are invoked as aids 
in estimating the magnitude of the various terms. 
(1) It is assumed that the orographic cloud system in the Climax 
area is generally embedded in the layer from 650 mb to 500'mb. 
(2) It is assumed that the stability of the cloud layer is neutral 
with respect to moist convection. 
(3) It is assumed that ice nuclei activate in the cloud system 
according to an activation spectrum observed at the High Alti- 
tude Observatory (HAO) during non-seeded experimental days of 
' 
I 
the Climax experiment (see Figure 6). 1 
( 4 )  The averaging process is performed only in the vertical since 
F1, r, F and N have variations mainly in the vertical. This T c 
is consistent with the assumption that horizontal temperature 
gradients may be neglected. 
The method used to estimate the magnitudes of the terms in (32) was 
to divide the cloud segment into three vertical sections, Mean and 
deviation quantities were then estimated for the cloud segment and the 
terms evaluated. Deviation terms were solved by summing the correla- 
tions over the three vertical sections. 
The deviations of r and F will be negative in the upper portion 1 
and positive in the lower portion of the cloud segment since crystal 
radii increase downward from the top of the cloud system toward cloud 
base, However, the thermodynamic function, FT, has a maximum value at 
around -16C, so the vertical distribution of its deviations will depend 
upon the location of the -16C level within the cloud system. The speci- 
fic function utilized in this evaluationassumes a mean pressure of 600 
mb. Initially, a one to one correspondence between ice nuclei and ice 
crystal concentrations is assumed. The vertical distribution of ice 
crystals in the cloud can therefore be estimated from the exponential 
temperature relationship for the activation of primary ice nuclei. This 
is accomplished by determining the vertical distribution of ice nuclei 
activating in the cloud, allowing them to fall downward through the 
cloud segment, and adding to them the additional ice nuclei that acti- 
vate at the next lower level, etc. In this way one can sum over the 
vertical distribution of ice crystals to derive the mean concentration 
in the cloud and take departures from this mean to establish the devia- 
tion quantities. 
1. Colder Cloud Systems 
Initially, a cloud system representative of the colder clouds 
observed at Climax is considered with cloud base and cloud top tempera- 
tures of -14C and -30C, respectively, The mean and deviation quantities 
for this cloud system are estimated to be: 
- 
N = 109 crystals per liter 
C 
- -8 
F~ = 4.15(10 ) gm/cm sec crystal 
N ' = -17 top, +6 middle, and +11 bottom 
C 
r' = -.004 top, 0 middle, and +.004 bottom 
-8 
F~ 
' = -0.7(10-~) top, 0 middle, and +O. 7 (10 ) bottom 
F ~ '  = -0.2 top, 0 middle, and +0.2 bottom 
The appropriate terms in (32) are then evaluated to be: 
---- -8 8NcrFTF1 = 28.2(10 ) gmlsec liter 
-- 7 
~ N ~ ~ F ~ ' F ~ ~  = 0.5(10-~) grnlsec liter 
-- - 
8rF F 'N ' = 0.4(10-~) gm/sec liter 
T l  c --- 
8F F N 'r' = l.5(1oe8) gmlsec liter 
T l c  --- 
8F N r'FT' = ~.~(lo-~) gmlsec liter 1 c --- 
8N F rtF1' = 2.1(10-~) gm/sec liter c T --  
~ ~ F ~ N ~ ' F ~ '  = 0.4(10-~) gmlsec liter 
-8 
Total contribution of the deviation terms is equal to 6.9(10. ) 
gmlsec liter. 
This particular cloud temperature distribution gives rise to all 
positive values for the double correlation terms in (32). The triple 
and quadruple correlation terms may be neglected since they are 
extremely small. 
It is seen that the combined effect of the deviation terms is about 
24 percent of the mean term, and the average diffusional growth rate of 
ice in the cloud segment, when computed using the mean term only, is 
underestimated by about 20 percent. 
2. Normal Cloud Systems 
Next, a  cloud system is considered wi th  cloud base  and cloud top  
temperatures  about -8C and -24C, r e spec t ive ly .  Under t h e s e  condi t ions  
F  reaches a  maximum h a l f  way up i n  t h e  cloud and t h e r e f o r e ,  w i l l  have 
T  
negat ive  dev ia t ions  i n  t h e  bottom and top  t h i r d s  of t h e  cloud segment. 
The mean and dev ia t ion  q u a n t i t i e s  f o r  t h i s  cloud system a r e  estimaged 
t o  be: 
- 
Nc 
= 8 c r y s t a l s  pe r  l i t e r  
- -8 
FT = 4.6(10 ) gm/cm s e c  c r y s t a l  
Nc 
' = -1.5 top,  +0.5 middle,  +1.0 bottom 
r '  = -.006 top ,  0  middle,  +.006 bottom 
F~ 
' = - . 2 (10 -~ )  t op ,  + .4(10-~)  middle,  -.2(10-~) bottom 
F ~ '  = -.2 t op ,  0  middle,  +.2 bottom 
The appropr i a t e  terms i n  (32) a r e  then  eva lua ted  t o  be: 
---- 
8NcrFTF1 = 3.54 gm/sec l i t e r  
- -  
~ N ~ ~ F ~ ' F ~ '  = 0 gm/sec l i t e r  
--- 
~ ~ F ~ F ~ ' N ~ '  = '06 gmlsec l i t e r  
--- 
~ F ~ F ~ N ~ ' ~ '  = .22 gm/sec l i t e r  
-- - 
8F N r ' ~ ~ '  = 0 
1 c  gm/sec l i t e r  --- 
8N F r 'F l t  = . 24 (10 -~ )  gmlsec l i t e r  
c  T  --- 
8rF  N 'F ' = . ~ ~ ( l o - ~ )  gmlsec l i t e r  
l c  T  
To ta l  con t r ibu t ion  of  t h e  dev ia t ion  terms i s  equal  t o  . 53 (10 -~ )  
gmlsec l i t e r .  
The t r i p l e  and quadruple c o r r e l a t i o n  terms a r e  extremely smal l  and 
a r e  neglec ted .  Two of t h e  double c o r r e l a t i o n  terms involving F ~ '  may 
also be neglected since they give rise to positive correlations in the 
upper portion and negative correlations in the lower portion of the 
cloud system which cancel in the summation. It is seen that the com- 
bined effect of the deviation terms is about 15 percent of the mean 
term. The average diffusional growth rate of ice in the cloud segment 
would therefore be underestimated by about 13 percent if computed using 
the mean term only. 
3.  Warmer Cloud Systems Without Ice Crystal Multiplication 
Finally, a relatively warm cloud system is considered with cloud , 
base and cloud top temperatures around -2C and -16C, respectively. Under 
these conditions FT attains a maximum at the top of the cloud system. 
The mean and deviation quantities for this cloud system are estimated to 
- 
N = 0.28 crystals per liter 
C - 
r = ,015 cm 
- - 8 
FT = 3.60(10 ) gmlcm sec crystal 
Nc 
' = -.005 top, +.002 middle, +.003 bottom 
r' = -.01 top, 0 middle, +.01 bottom 
- 8 - 8 F ~ '  = +1.0(10 ) top, 0 middle, -1.0(10 ) bottom 
Fll = -0.3 top, 0 middle, +0.3 bottom 
The appropriate terms in (32) are then evaluated to be: 
---- 
8NcrFTF1 = ,157 (lom8) gm/sec liter 
-- - - 8 
8NcrFT'~1' = -.008(10 ) gm/sec liter 
-- - 
~ ~ F ~ F ~ ' N ~ '  = ,0004 (lom8) gm/sec liter 
--- 
8F F N 'r' = .001(10-~) gm/sec liter 
T l c  
--- -8 
8F N r'FT1 = -.020(10 ) gm/sec liter 
1 c -- - 
8N F r ' ~ ~ '  = .014(10-~) gm/sec liter c T --- 
8rF N 'F ' = -.0005(10-8, gm/sec liter l c  T 
Total contribution of the deviation terms is equal to -. 013 
gm/sec liter. The triple and quadruple correlation terms are again 
neglected. The double correlation terms in this case tend to cancel 
one another but the final contribution of the deviation terms is about 
8.3 percent of the mean term. The average diffusional growth rate of 
ice in the cloud segment in this case would be overestimated by about 
7.6 percent when computed using the mean term only. 
4 .  Warmer Cloud Systems with Ice Crystal Multiplication 
One more special case of warmer clouds should be considered. The 
observations of Grant (1968) indicate that ice crystal concentrations 
occasionally are about an order of magnitude larger than ice nuclei 
concentrations when 500 mb temperatures are around -15C in the Climax 
area. It is assumed again that cloud base and cloud top temperatures 
are around -2C and -16C, respectively, and that a tenfold increase 
in ice crystal concentration is present in the lower two-thirds of the 
cloud system. The mean and deviation quantities for this cloud system 
are then estimated to be: 
- 
N = 2.1 crystals per liter 
C 
- -8 FT = 3.60(10 ) gm/cm sec crystal 
Nc 
' = -1.7 top, M.8 middle, M.9 bottom 
r' = -.01 top, 0 middle, +.01 bottom 
F~ 
' = +1.0 top, 0 middle, -1.0 bottom 
Fll - -0.3 top, 0 middle, +0.3 bottom 
The appropriate terms in (32) are then evaluated and found to be: 
---- 
8NcrFTF1 = 1.17 (loW8) gm/sec liter 
-- - 
8NcrFT'F11 = -. 06 gm/sec liter 
--  
8rF F 'N ' = +.11(10-~) gm/sec liter 
T l  c --- 
8F F N 'r' = +.26(10-~) gm/sec lifer 
T 1 c --- 
8F N ~ I F ~ '  = -.15(10-~) gm/sec liter 
1 c --- -8 
8NcFTr'F11 = +.12(10 ) gmlsec liter 
--- 
8rF N IF I = -.~~(lo-~) gm/sec liter l c  1 
Total contribution of the deviation terms is equal to +.17(10-~) 
gm/sec liter. 
It is seen that the magnitudes of most deviation terms are 10 
percent or more of the mean term. However, the various terms tend to 
compensate so that computation of the average diffusional growth rate 
with the mean term alone underestimates the growth rate by only 13 
percent. 
It appears that errors involved in computing the average diffu- 
sional growth rate of ice using only the mean term in (32), are not 
greater than the inherent uncertainty present in using the theoretical 
growth equation itself. A fortunate circumstance is that the computa- 
tion is most accurate in the 500 mb temperature range from -24C to -16C. 
This is the transition range where meteorological conditions generally 
change from unfavorable to those that are favorable for augmenting snow- 
fall by cloud seeding. Thus, the computation is most accurate in this 
important transition range and to a first approximation (32) can be 
written 
APPENDIX B 
FITTING THE MODEL PRECIPITATION EQUATION TO OBSERVED PRECIPITATION 
This appendix describes the procedure employed in fitting the 
weather modification potential model to observed precipitation. The 
development is presented in step by step fashion for the Climax I sample 
in order that the reader may follow the methodology and assumptions in- 
voked during the analysis. 
1. Methodology of Analysis 
(a) The non-seeded precipitation data observed at HA0 was used to 
generate precipitation as a function of 500 mb temperature 
with values computed using a running mean over a two degree 
temperature interval. 
(b) The non-seeded precipitation was inspected to determine the 
500 mb temperature where precipitation efficiency began to 
decrease steadily and appreciably. This is clearly at -20C 
for the Climax I sample (Figure 11). 
(c) The average number of hours of precipitation per non-seeded 
precipitation day was then generated as a function of 500 mb 
temperature. This function is shown in Figure B1. 
(d) The precipitation values computed under (a), for 500 mb 
temperatures of -20C and colder, were then normalized to 10.1 
hours. This was found to be the overall average hours of 
precipitation per precipitation day for non-seeded events with 
500 mb temperatures -20C and colder. 
(e) The precipitation values determined under letter (d) plus the 
precipitation values computed under letter (a) (for 500 mb 
1 
temperatures warmer than -20C), were plotted as a function of 
500 mb temperature. These are shown in Figure 11. 
--- 
(f) The average rate of crystal growth (dm/dt)d = 8rF F was then T 1 
computed for the Climax cloud system for a 500 mb temperature 
of -20C. Cloud base was taken to be 650 mb and cloud top is 
estimated at this point. 
(g) Using the 10.1 average hours of precipitation per precipitation 
day as a conversion factor, the average number of ice crystals 
per liter is solved for by equating the unseeded precipitation 
rate at -20C to the average rate of ice growth by diffusion, 
This gives 5. 
(h) N is now used to determine the average cloud top temperature C 
by (45), assuming (<)ns is one. 
(i) Since was initially computed using an estimated cloud top T 
temperature, computations under letters (f) and (h) above must 
be iterated to obtain final values of the average rate of 
crystal growth and cloud top temperature. This final value of 
cloud top was found to be 460 mb, valid for a 500 mb tempera- 
ture of -20C. 
(j) Assuming average cloud tops are nearly the same for warmer 500 
mb temperatures, the' average rate of ice growth in the cloud 
system can be computed as a function of the 500 mb temperature, 
This was accomplished by assuming a moist adiabatic lapse rate 
between 500 mb and the top of the cloud, and then solving for 
as a function of cloud system temperatures and as a T c 
function of cloud top temperature. The computed average rate 
of ice growth as a function of 500 mb temperature is shown in 
Figure 11. 
(k) Assuming the Climax cloud system is embedded in the 650-460 mb 
-7 
layer on the average, p ar /ap was computed as a function of s 
the 500 mb temperature. 
(1) At a 500 mb temperature of -20C, the average rate of condensa- 
tion was assumed equal to the observed non-seeded precipitation 
(equation 40 ) . Using the 10.1 hours as a conversion factor 
again, the mean upward speed that explains this observed pre- 
cipitation is computed to be 11 cm/sec. 
(m) With the mean upward speed determined at a 500 mb temperature 
of -20C, it was evaluated at other 500 mb temperatures by 
adjusting the mean upward speed by the ratio of the horizontal 
wind speed at the new temperature to that at -20C. This was 
done using values from the regression line of Figure 20, This 
was a crude attempt to take into account variations of the 
horizontal wind speed with cloud temperature and its effect 
upon mass flow rates over the barrier. 
(n) The average rate of condensation was then computed as a func- 
tion of the 500 mb temperature using the values of mean upward 
speed computed in letter (m). 
The above 14 steps represent a procedure for computing the average 
available rate of condensation and the average rate of ice growth by 
diffusion as a function of the 500 mb temperature. In essence, the 
model equation that describes the natural precipitation has been fitted 
to observed precipitation at HA0 and in so doing, estimates of the cloud 
top  and mean upward speed i n  t h a t  po r t ion  of the  Climax cloud system 
producing p r e c i p i t a t i o n  a t  HA0 have been determined. 
It i s  poss ib le  t h e o r e t i c a l l y ,  t o  so lve  t h e  model equation f o r  
seeded p r e c i p i t a t i o n  following again t h e  14 s t e p s  ou t l ined  previously.  
P r a c t i c a l l y ,  however, t h i s  i s  not  t h e  case.  The problem a r i s e s  t h a t  the  
500 mb temperature, a t  which t h e  d i f f u s i o n a l  i c e  growth process would be 
expected t o  l o s e  e f f i c i e n c y  occurs a t  t h e  extreme end of t h e  temperature 
d i s t r i b u t i o n  and cannot be i d e n t i f i e d .  A somewhat l e s s  s a t i s f a c t o r y  
procedure i s  the re fo re  employed. 
It is assumed t h a t  average cloud tops  a r e  again a t  460 mb f o r  
seeded condit ions.  The mean upwdrd speed, associa ted  wi th  non-seeded 
p r e c i p i t a t i o n  a t  a 500 mb temperature of -20C, is  adjus ted  f o r  d i f f e r -  
ences i n  the  dura t ion  conversion f a c t o r  and hor i zon ta l  wind speeds and 
becomes t h e  mean upward speed f o r  seeded condit ions.  After  t h e  mean 
upward speed f o r  seeded p r e c i p i t a t i o n  i s  es t ab l i shed  f o r  a 500 mb 
temperature of -20C, t h e  average r a t e  of condensation a s  a funct ion  of 
t h e  500 mb temperature i s  computed a s  before.  
The a s s m p t i o n  t h a t  seeded cloud tops  a r e  a l s o  a t  460 mb is  invoked 
from t h e  randomization of events .  This could be a se r ious  r e s t r i c t i o n  
i f  seeding i s  respons ib le  f o r  br inging about changes i n  cloud tops  (a 
dynamic e f f e c t ) .  However, i f  t h e r e  i s  a s u b s t a n t i a l  dynamic e f f e c t ,  i~ 
might s t i l l  be ind ica ted  i n  t h e  ana lys i s  by t h e  appearance of seeded 
p r e c i p i t a t i o n  values g r e a t e r  than t h e  a v a i l a b l e  r a t e  of condensation, 
s i n c e  t h i s  is  computed assuming no dynamic seeding e f f e c t .  
Figure B1. Average number of hours of precipitation per day recorded at 
Climax 2NW gage during Climax I (251) experimental days and experi- 
mental precipitation days as a function of 500 mb temperature. 
Values were computed using a running average over a three-degree 
temperature interval. 
APPENDIX C 
CLIMAX AND WOLF CREEK EXPERIMENTS 
1. The Climax Experiment 
A study of the precipitation processes which accompany central 
Colorado mountain snowfall was begun in 1959 by Colorado State Univer- 
sity. An important part of this investigation included a study of the 
possibilities of beneficially modifying important phases of the natural 
precipitation process. In this section, pertinent information on the 
Climax experiment is summarized in order to aid in interpretation of 
experimental results. 
a. Design of Experiment 
I 
The basic features incorporated in the Climax experiment are summa- 
rized as follows: 
(1) Randomization is employed in obtaining the seeded and 
non-seeded samples. The randomization is restricted to 
the extent that large blocks (20 to 40)  have the same 
number of seeded and non-seeded cases. 
(2) The experimental time unit is 24 hours, This compromise 
minimizes variation in the physical parameters during an 
event. It is still long enough to lower the "noise" 
level to reasonable values when establishing correlations 
with upwind precipitation controls, and minimizes uncer- 
tainties of seeding in the area near the start and end of 
the experimental period. 
(3) Eight standard Weather Bureau stations located southwest, 
west northwest and north of the experimental site are 
I 
available for use as control stations. These were used 
as controls since the terrain upwind of the target is 
unsuitable for establishment of special control stations. 
The eight stations used as control, along with their 
azimuth and distance in miles from Climax, are Winter 
Park (032/42), Shoshone (283/54), Fraser (029/46), Grand 
Lake 6SSW (017/58), Crested Butte (230/52), Aspen (2571 
34), Marvine (302/83) and Eagle (303/37). The eight sta- 
tions explain a little over 58 percent of the total 
precipitation variance at the Weather Bureau gage at 
Climax. 
(4) The criteria of an experimental day is that at least -01 
inches of precipitation be forcasted during a 24-hour 
sampling unit at Leadville, Colorado, accompanied by a 
500 mb wind direction between 210 degrees and 360 degrees 
inclusive. This forecast is prepared by the United 
States Weather Bureau in Denver. The forecasters have no 
access to the seeding decision, 
b, Operation Procedures 
(1) While the 24-hour time unit has been conserved, two 
changes have been made in the start of the experimental 
period since the experiment began. During the spring of 
1960 the experimental day began at 1600 MST, This occa- 
sionally exposed nighttime snowfall to daytime melting and 
evaporation off observation snowboards, Beginning with 
t h e  1960-61 win te r  season t h e  experimental  per iod  was 
a l t e r e d  t o  begin at  0800 MST. This  t ime corresponds t o  
t h e  low po in t  of a pronounced d i&na l  v a r i a t i o n  i n  
p r e c i p i t a t i o n  occurrence.  The experimental  i n t e r v a l  was 
changed s l i g h t l y  f o r  t h e  1961-62 season,  and subsequent ly 
has  begun a t  0900. 
Generators  a t  Minturn, R e d c l i f f ,  south  of Tennessee Pass ,  
and west of Leadv i l l e  a r e  turned  on 30 minutes p r i o r  t o  
t h e  s t a r t  of t he  experimental  day. They a r e  run  continu- 
ous ly  u n t i l  ope ra t ions  a r e  terminated 30 minutes p r i o r  t o  
t h e  end of t h e  period.  The procedure i s  i d e n t i c a l  f o r  
gene ra to r s  a t  Aspen and Reudi except  a one-hour l ead  t i m e  
i s  exployed. S p e c i f i c  u n i t s  used a r e  changed dur ing  t h e  
i n t e r v a l  a s  s p e c i f i e d  by t h e  Weather Bureau wind f o r e c a s t .  
(3)  A Colorado S t a t e  Univers i ty  modified Skyf i r e ,  needle-type 
ground genera tor  is used f o r  seeding.  These gene ra to r s  
have been ex tens ive ly  c a l i b r a t e d  i n  t h e  Colorado S t a t e  
Univers i ty  cloud chamber t o  e s t a b l i s h  t h e  temperature 
a c t i v a t i o n  c h a r a c t e r i s t i c s  of t h e  p a r t i c l e s  produced. A 
seeding r a t e  of about 20 grams of s i l v e r  i od ide  pe r  hour 
is  used. F igure  C 1  shows t h e  output  of e f f e c t i v e  i c e  
n u c l e i  from these  genera tors .  The output  is  compared with 
I 
~ l e t c h e r ' s  (1962) t h e o r e t i c a l  curve and o the r  e f f i c i e n t  s i l v e r  
i od ide  genera tors .  The modified Skyf i r e  gene ra to r  produces 
15 
about 1014 p a r t i c l e s  pe r  gn AgI e f f e c t i v e  a t  -12C and 4(10 ) 
p a r t i c l e s  p e r  gm AgI e f f e c t i v e  a t  -20C. 
Figure Cl. Seeding output as a function of temperature for genera- 
tor used in the Climax experiment (Effective particleslgm AgI). 
Figure C2. Topography of Climax experimental are.a. 
I 
(4) Precipitation data from 65 snowfall observation sites are 
read daily and available for analyses. Their locatioss 
are shown in Figure C3. It can be noted that 26 sites 
are located over Fremont Pass from Leadville to Frisco at 
about 1 mile intervals. There are 18 sites located along 
the highway over Hoosier Pass from Alma to Breckenridge, 
and 20 sites are located along the highway over Vail Pass 
from Wheeler Junction to Minturn. Most of these observa- 
tions are taken with snowboards which compare favorably 
with snowfall observations from shielded 8-inch precipi- 
tation gages (Warnick, 1953; Wilson, 1954; Grant and 
Schleusener, 1961; Leaf, 1962). Due to drifting and 
blowing snow, buried snowboards, inaccessible highways, 
etc., it was not possible to read all 65 sites on each 
experimental day. It: is not believed that the missing 
days are biased between seeded and non-seeded days except 
as adverse observational conditions may have resulted 1 
from the seeding operations themselves. During later I 
years of the experiment non-recording precipitation gages 
were included at most snowboard sites which cut down on 
the amount of missing data. Also, three recording gages 
were added on Hoosier Pass and three more on Premont Pass 
to improve the observing network, 
(5) Many physical observations were taken which are related 
to this study. Ice nuclei observations were made on most 
days, Intermittent observations were made of snow crys- 
tals reaching the ground on seeded and non-seeded days, 
Figure C3. Climax experimental area showing location of seeding generators, snowfall 
observing network and snowboard grouping. 
Other phys ica l  observat ions included i c e  c r y s t a l  r ep l i ca -  
t i o n s ,  cloud photography, radar  photography and rawin- 
sonde d a t a  during t h e  l a s t  few years .  
c.  Topography of Experimental Area 
The experimental a r e a  i s  loca ted  along t h e  con t inen ta l  d iv ide  of 
c e n t r a l  Colorado. Figure C2 shows the  important topographical  f e a t u r e s  
of t h e  region,  The primary t a r g e t  (summit of Fremont Pass) l i e s  along 
an expanse of the  Continental  Divide, which is  or iented  east-west f o r  
about 18  miles  across t h e  region. 
Three passes ,  Tennessee (10,424 f t  msl) , Fremont (11,318 f t msl) 
and Hoosier (11,542 f t  msl) t r a v e r s e  t h i s  east-west s e c t i o n  of t h e  di- 
vide separa ted  by d is tances  of about 8 miles .  These passes a r e  kept  
open a l l  winter  desp i t e  snow accumulations of s e v e r a l  f e e t  by e a r l y  
spring.  Thus, t h e  a r e a  is  access ib le  throughout t h e  win te r  and d a i l y  
observat ions can usual ly  be taken. Elevat ions i n  t h e  experimental a rea  
vary mainly from 8,000 f e e t  t o  12,000 f e e t  with a few peaks reaching 
over 14,000 f e e t .  Timberline is  a t  approximately 11,500 f e e t  and t h e  
a rea  is  covered extens ive ly  by coniferous f o r e s t s .  
The Sawatch Mountain Range, ly ing  15 t o  20 miles southwest through 
west northwest of Climax, i s  a formidable b a r r i e r .  This range genera l ly  
exceeds 12,000 f e e t  with s e v e r a l  peaks over 13,500, and includes the  
combination of M t .  E lber t  and M t .  Massive which r i s e  over 14,400 f e e t  
j u s t  20 miles southwest of t h e  t a r g e t .  
The Gore Range rises abrupt ly  j u s t  e a s t  of Climax and reaches eleva- 
t i ons  over 14,000 f e e t  wi th in  3 m i l e s  of t h e  primary t a r g e t .  
Large s c a l e  u p l i f t i n g  occurs over t h e  experimental a r e a  a s  upper 
wind cu r ren t s  a r e  forced over t h e  high mountain ranges of t h e  region,  
d. Rela t ionship  of  Generator  S i t e s  t o  Primary Target  
S ix  gene ra to r s  were employed i n  t h e  design. The l o c a t i o n s  of t h e s e  
genera tors  wi th  r e spec t  t o  t h e  primary t a r g e t  a r e  shown i n  Figure C3. 
The azimuth and d i s t a n c e  of each gene ra to r  from t h e  primary t a r g e t  is  
shown i n  Table C 1 .  
Table C1 .  Location of Climax seeding genera tors  wi th  r e spec t  t o  t h e  
primary t a r g e t  
Locat i on  
Azimuth and Distance from Targe t  
(deg rees lnau t i ca l  mi les )  
Mint urn ,  Colorado 
Redc l i f f ,  Colorado 
South of Tennessee Pass 
West of  Leadv i l l e ,  Colorado 
Aspen, Colorado 
Reudi , Colorado 
The gene ra to r  des igna ted  a s  Reudi was moved s l i g h t l y  during t h e  
experiment. A t  t h e  beginning of t h e  experiment i t  was loca t ed  a t  Reudi. 
It remained t h e r e  u n t i l  March, 1966, when i t  was r e l o c a t e d  at Meredith 
(about 3 mi les  e a s t  of t h e  o r i g i n a l  s i t e )  due t o  the f i l l i n g  of  a new 
re se rvo i r .  However, on Apr i l  25, 1967, t h i s  gene ra to r  w a s  moved back t o  
another  l o c a t i o n  i n  Reudi. 
The genera tor  designated a s  Aspen w a s  a l s o  moved s l i g h t l y  dur ing  t h e  
experiment. Un t i l  February 27, 1967, t h e  a c t u a l  l o c a t i o n  of t h i s  genera- 
t o r  was about 4 miles  nor th  northwest of  Aspen, It was then r e loca t ed  
a t  Aspen. 
The genera tor  designated west of Leadvi l le  was a l s o  moved s l i g h t l y  
during t h e  experiment. It was i n i t f a l l y  loca ted  a t  t h e  Fish Hatchery 
west of Leadvi l le  and remained the re  u n t i l  t h e  beginning of t h e  1964- 
65 winter  season. A t  t h i s  time i t  was moved t o  Cavel l i  Ranch about 314 
of a m i l e  no r theas t  of the  Fish Hatchery due t o  opera tor  a v a i l a b i l i t y .  
On December 19,  1968, i t  was moved back t o  t h e  Fish Hatchery, 
The generator  s i t e s  a t  Aspen and Reudi l i e  west southwest and west 
of the  t a r g e t  about 30 n a u t i c a l  miles .  P a r t i c l e s  re leased  by these  
u n i t s  a r e  forced t o  ascend t h e  western s lope  of t h e  Sawatch Range, 15 t o  
20 miles  west of t h e  t a r g e t .  
Four generator  s i t e s  a r e  wi th in  7 t o  16 n a u t i c a l  miles of t h e  t a r g e t .  
These a r e  loca ted  i n  t h e  high va l l ey  which sepa ra te s  t h e  Sawatch and 
Gore Ranges. They extend from southwest through nor th  northwest of the  
t a r g e t .  
The Chicago Ridge sepa ra te s  the  generator  south of Tennessee Pass 
from t h e  primary t a r g e t .  This s h o r t  range reaches 12,000 f e e t  only 3 t o  
5 miles west of the  t a r g e t .  
The p a r t i c l e s  emanating from t h e  generator  west of Leadvi l le  a r e  
sub jec t  t o  gradual  orographic l i f t i n g  a s  they approach t h e  t a r g e t .  The 
upwind f e t c h  from t h i s  genera tor  is l imi t ed  by t h e  M t .  Elbert-Mt, Massive 
combination. 
The nuc le i  generated a t  Minturn and Redcliff  a r e  embedded i n  an oro- 
graphic stream having a long, continuous f e t c h  toward t h e  t a r g e t .  This 
northwesterly flow appears t o  be most s i m i l a r  t o  an i d e a l i z e d  orographic 
current .  
Table C2. Cl imato logica l  d a t a  f o r  Climax, Colorado, f o r  t h e  pe r iod  
November through Apr i l  
Based on records  from November 1953 t o  Apr i l  1960 
(Grant and Schleusener , 1961) 
Mean temperature 18.6F 
Mean p r e c i p i t a t i o n  14.14 inches  
Average number of days wi th  p r e c i p i t a t i o n  85 
Median number of  days wi th  p r e c i p i t a t i o n  88 
Based on records  from November 1956 t o  Apr i l  1964 
Seeded p r e c i p i t a t i o n  d a t a  included a f t e r  March 1960 




Based on records from November 1956 t o  Apr i l  1964 
Seeded p r e c i p i t a t i o n  d a t a  included Af t e r  March 1960 
Daily P r e c i p i t a t i o n  Range 
( inches ) 
Rela t ive  Frequency 
(percentage) 
e .  Climatology of t h e  Experimental Area 
During t h e  win te r  months (November through Apr i l )  t he  t a r g e t  a r e a  
is eEfected by t r a v e l i n g  cyclones which occas ional ly  pene t ra t e  t h i s  long- 
wave r idge  pos i t ion .  These occur more f requent ly  during t h e  l a t e  win te r  
and e a r l y  sp r ing  months, An important r o l e  of these  storms is t o  br ing  
moisture in land t o  t h e  mountain b a r r i e r s .  Through the  win te r  period 
cloud temperatures a r e  wi th in  t h e  range where i c e  n u c l e i  can be expected 
t o  play an important p a r t  i n  t h e  formation of p r e c i p i t a t i o n ,  Table C2 
descr ibes  the  important c h a r a c t e r i s t i c s  of the  snow season a t  Climax, 
Colorado. The l a r g e  number of days having measurable p r e c i p i t a t i o n  
(almost one-half of the  t o t a l  poss ib le)  provided a g rea t  opportunity t o  
assemble experimental events  rapid ly .  The many days of l i g h t  amounts 
r e s u l t  from the  orographic o r i g i n  of most p r e c i p i t a t i o n .  Table C2 shows 
t h a t  one-half of a l l  measurable p r e c i p i t a t i o n  days y i e l d  amounts of .11 
inches o r  l e s s ,  while 90 percent  of such days r e s u l t  i n  ,36 inches o r  
l e s s .  
Table C2 a l s o  i n d i c a t e s  t h a t  t h e  range of d a i l y  p r e c i p i t a t i o n  
amounts f o r  80 percent  of a l l  cases remains wi th in  one order  of magni- 
tude. This is a h ighly  d e s i r a b l e  f e a t u r e  f o r  s t a t i s t i c a l  ana lys i s .  It 
is a l s o  noted t h a t  t h e  t o t a l  range of measurable snowfal l  has remained 
wi th in  two orders  of magnitude during t h e  e i g h t  year  per iod  of record.  
A pronounced d iu rna l  v a r i a t i o n  i n  p r e c i p i t a t i o n  is  i n  evidence a t  
Climax. Figure C4 shows t h a t  t h e  p robab i l i ty  of snowfal l  occurrence 
between 0200 MST and 0500 MST is about twice t h a t  between 0800 MST and 
1400 MST, The minimum i n  snowfall  frequency occurs between 1100 MST and 
1300 MST with a gradual ,  s l i g h t l y  i r r e g u l a r  inc rease  i n  frequency during 
the  af ternoon and evening. After  midnight t h e  frequency rises sharply  
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Figure C4. Diurnal  d i s t r i b u t i o n  of p r e c i p i t a t i o n  observed a t  Climax 2NW 
record ing  gage. Data a r e  from t h e  period November through 
Apr i l  f o r  t h e  yea r s  1953 through 1968. 
t o  a peak a t  0400 MST. The 24-hour sampling u n i t  chosen f o r  t h e  Climax 
experiment encompasses t h i s  important  d i u r n a l  v a r i a t i o n .  
The snowpack which accumulates i n  t h e  mountains around Climax dur- 
i n g  the  w i n t e r  season is  due mainly t o  many hours of snowfa l l  a t  sma l l  
i n t e n s i t i e s .  This  can be noted from Figure C5 which shows over  90 per- 
cen t  of t h e  hourly occurrences of p r e c i p i t a t i o n  a r e  a t  i n t e n s i t i e s  of 
.04 inches o r  l e s s  and t h e  average over  a l l  hours  is  only s l i g h t l y  
g r e a t e r  than ,02 inches.  
Figures  C6 and C7 show t h e  d i s t r i b u t i o n  of snowfa l l  a t  t h e  High 
Al t i t ude  Observatory (HAO) wi th  r e spec t  t o  500 mb temperature and 700 
mb equiva len t  p o t e n t i a l  temperatures  r e spec t ive ly .  It is seen t h a t  83  
percent  of t h e  snow a t  HA0 occurs  a t  500 mb temperatures  co lder  than 
-20C and 70 percent  of  t h e  snow occurs  between -29C and -20C. Also, 
Figure C5. Cumulative frequency of  snowfall at  Climax 2NW recording 
gage as a function of  hourly precipitation in tens i ty .  Data are 
from the period November through April for the years 1953 through 
1968. 
500 M e  TEMPERATURE (*C) 
??igure C 6 .  Relative and cumulative percentage of snowfall a t  EAO as  a 
function of  500 mb temperature. 
700 M B EQUIVALENT POTENTIAL TEMPERATURE (OK) 
Figure C7. Relative and cumulative percentage of snowfall at HA0 as a ' 




I I -  
75 percent  of t h e  snow a t  HA0 occurs wi th  700 mb equivalent  p o t e n t i a l  ; 
temperatures colder  than 308K with 64 percent  occurr ing between 295K and, 
The Wolf Creek Pass Experiment 
The Wolf Creek Pass experiment was inhe ren t ly  an ope ra t iona l  pro- 
gram whose b a s i c  o b j e c t i v e  was t o  augment snowfal l  over an a rea  of the  
San Juan Mountain Massif centered a t  t h e  summit of Wolf Creek Pass. I n  
order  t o  secure  use fu l  d a t a  from t h i s  opera t ional  program, t h r e e  recording 
p r e c i p i t a t i o n  gages were i n s t a l l e d  on t h e  pass. Hourly p r e c i p i t a t i o n  
amounts a r e  a v a i l a b l e  near  t h e  summit and on t h e  west and e a s t  s ides  of 
the  pass. 
a. Design of Experiment 
The b a s i c  f e a t u r e s  incorporated i n  t h e  Wolf Creek Pass design a r e  
summarized below: 
(1) Randomization i s  employed i n  obta in ing  t h e  seeded and 
non-seeded samples. The randomization i s  r e s t r i c t e d  t o  
e n t i r e  winter  seasons. This r e s u l t e d  i n  t h e  winter  sea- 
sons of 1964-65, 1966-67 and 1968-69 being seeded periods 
while  the  win te r  seasons of 1965-66, 1967-68 and 1969-70 
were l e f t  unseeded, The last unseeded year  is not  
included i n  t h e  sample used i n  t h i s  s tudy because of t i m e  
considerat ions.  
(2) The experimental time u n i t  is  t h e  24-hour time period 
beginning a t  0900 MST. 
(3) Seven standard Weather Bureau s t a t i o n s  loca ted  south ,  
southwest and west of t h e  experimental s i t e  a r e  ava i l ab le  
/ 
f o r  use a s  con t ro l  s t a t i o n s .  The loca t ions  of these  
s t a t i o n s  a r e  shown i n  Figure C8. These s t a t i o n s  were 
chosen by a step-wise mul t ip le  regress ion  program which 
shows t h a t  the  seven s t a t i o n s  expla in  50 t o  58 percent  of 
the  t o t a l  p r e c i p i t a t i o n  variance a t  the  t h r e e  recording 
p r e c i p i t a t i o n  gages on t h e  pass. 
(4) The c r i t e r i a  of an experimental day is t h a t  a t  l e a s t  . O 1  
inches of p r e c i p i t a t i o n  occurred during a 24-hour sampling 
u n i t  a t  one o r  more of t h e  recording p r e c i p i t a t i o n  gages 
on Wolf Creek Pass,  o r  a t  t h e  con t ro l  s t a t i o n .  
( 5 )  The generator  opera t ions  were con t ro l l ed  by a p r i v a t e  
meteorological  group from Denver (Water Resources Develop- 
ment Corp.) during t h e  win te r  season of 1964-65, and by 
Colorado S t a t e  Universi ty personnel during t h e  winter  
season of 1966-67 and 1968-69. Arc and Coke type genera- 
t o r s  were employed during t h e  1964-65 season and C.S.U. 
modified Skyf i re  genera tors  were used the  l a s t  two seeded 
yea r s ,  Seeding r a t e s  of t h e  Arc and Coke type generators  
were about 1 gm AgI/hr and 16 gm A g ~ / h r ,  respect ive ly .  
The modified Skyf i re  generators  employed a seeding r a t e  
of about 20 gm AgI/hr. Generator s i t e s  d id  change during 
the  experiment and a r e  shown i n  C8. A d iscuss ion  of the  
topography and a p r e c i p i t i o n  climatology of t h e  Wolf 
Creek Pass a rea  i s  presented by Grant e t  a l . ,  (1969) and 
;is 'not repeated here .  
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Figure C8. Wolf Creek Pass Experinental Area 
APPENDIX D 
METEOROLOGICAL ANALYSIS PROGRAMS 
1. Climax Program 
a. In te rpo la t ion  Scheme 
A l i n e a r ,  d is tance  weighted in te rpo la t ion  scheme was used t o  der ive  
meteorological da ta  f o r  t h e  Climax area.  The in te rpo la t ion  equation was 
of the  form 
X - (.62)Xden + (,38)X 
cmx gS t 
where X denotes the  meteorological quant i ty  being in te rpo la ted  and X 
den 
and X represent  t h e  observed value of t h e  quant i ty  a t  Denver, Colo- 
sjt 
rado, and Grand Junction,  Colorado, respectively.  This r e la t ionsh ip  was 
used t o  i n t e r p o l a t e  a l l  meteorological q u a n t i t i e s  except f o r  r e l a t i v e  
humidities a t  pressures of 600 mb o r  higher. The wind da ta  was decom- 
posed i n t o  u and v components before in te rpo la t ion .  
It was decided t o  use the  observed Grand Junction r e l a t i v e  humidity 
a s  representa t ive  of Climax a t  pressures of 600 mb o r  higher. The 
reason is  t h e  cont inenta l  divide is general ly 12,000 f e e t  o r  higher 
between Grand Junction and Denver and frequently c rea tes  a d iscont inui ty  
i n  the  v e r t i c a l  motion f i e l d  a t  the  700 mb l eve l .  This i s  especia l ly  
t r u e  during wintertime orographic storms. This can produce humidities 
near sa tu ra t ion  west of t h e  divide and q u i t e  low immediately e a s t  of the  
divide.  A d is tance  weighted in te rpo la t ion  would r e s u l t  i n  humidities 
below those ac tua l ly  ex i s t ing  upstream from the  d ivide  near t h e  experi- 
mental s i t e ,  
I ,  
b. Analysis Procedures 
Since orographic clouds a t  Climax a r e  normally embedded wi th in  the  
700 mb and 500 mb l a y e r ,  meteorological  d a t a  a t  these  two pressure  
l e v e l s  were used t o  de r ive  s e v e r a l  parameters.  These parameters des- 
c r i b e  aspects  of t h e  orographic p r e c i p i t a t i o n  process and a r e  used t o  
i n v e s t i g a t e  t h e  dependency of seeding e f f e c t s  upon e x i s t i n g  meteoro- 
l o g i c a l  condi t ions ,  
The following ana lys i s  program was computerized and used t o  calcu- 
l a t e  t h e  meteorological  parameters.  
1 Input  t o  Analysis Program 
(1) 700 mb temperature, T7 
(2) 700 mb pressure ,  P7 
(3) 700 mb r e l a t i v e  humidity, RH7 
( 4 )  700 mb wind d i r e c t i o n ,  f17 
(5) 700 mb wind speed, V7 
(6) 500 mb temperature, T5 
(7) 500 mb pressure ,  P5 
(8) 500 mb r e l a t i v e  humidity, RH5 
(9) 500 mb wind d i r e c t i o n ,  f15 
(10) 500 mb wind speed, V, 
d 
2) Computations 
(1) Compute s a t u r a t i o n  vapor p res su re  over water 
where e is  s a t u r a t i o n  vapor p res su re  i n  mb, T t h e  temperature i n  
8 




(2) Compute vapor pressure  over water  
\ 
where e is vapor pressure  i n  mb and RH i s  r e l a t i v e  humidity i n  percent .  
(3) Compute dew po in t  temperature 
where K = ( In  e - I n  6.11)/ ln 10 and Td is  dew po in t  temperature i n  
degrees C. 
(4) Compute condensation l e v e l  pressure  
A p a r c e l o f a i r a t 7 0 0 m b i s t a k e n t o b e r e p r e s e n t a t i v e o f t h e  I 
mixed sub-cloud l aye r  and is  l i f t e d  a d i a b a t i c a l l y  t o  s a t u r a t i o n ,  
Equation D-2 is d i f f e r e n t i a t e d  logar i thmical ly  t o  y i e l d  
2 
d e l e  - [ ( l n  10) (7.5) (237.3) / (Td + 237.3) 1 d~~ 
For unsaturated a d i a b a t i c  changes d e l e  = dP/P .so 
where dT /dP is  i n  degrees C/mb and t h e  r e l a t i o n  holds b e s t  at  pres- 
d 
su res  near 650 mb. 
The dew point  temperature of t h e  l i f t e d  pa rce l  a t  t he  condensation 
l e v e l  is given by 
I 
i i 
The temperature of the lifted parcel at the condensation level is 
given by 





and dT/dp can be determined from ~oisson's equation for an unsaturated 
process by differentiating the equation logarithmically while holding 
potential temperature constant. The following relations hold with good 
approximation at pressures near 650 mb. 1 
I .  
where d ~ / d ~  is in degrees Clmb. 
I 
A t  the condensation level, dew point temperature and temperature 
are equal and (D-8) and (D-11) may be equated to yield a solution for the 
condensation level in mb. 
(5) Compute condensation level temperature 
Condensation level temperature can be computed using Poisson's 
equation or 
T c = (T7 + 273.2) (Pc/700) *286 - 273.2 
(6) Compute potential temperature 
0 = (T + 273.2) (1000/P) . 286 
(7) Compute specific humidity and mixing ratio 
where q and w are in gm/gm. 
(8) Compute equivalent potential temperature at 700 mb and 500 mb 
'e7 = e,(1 + . 622w7) *286exp[~sw7/(.241) (Tc + 273.2)) 
where L = 597.3 - .566Tc 
s 
(9) Compute lifted temperature at 500 mb 
The lifted temperature of a parcel at 500 mb can be expressed as a 
function of the equivalent potential temperature through the following 
cubic equation. 
where T is in degrees C and subscript "L" refers to conditions of the L 
lifted parcel after reaching the 500 mb level. 
(10) Compute potential condensate in the 700 to 500 mb layer 
where wL = .622esL/(P5 - esL) 
In esL = In 6.11 + [7.5TL/(TL + 237.3)) In 10 
and 
(11) Compute vertical gradient of potential condensate below 500 mb 
2 
C = (10 )Wa/(Pc - P5) for P > 520 mb 
C - 
for PC < 520 mb 
where C is in gm/kgm(100 mb) and is arbitrarily assigned to zero for 
P < 520 mb to insure computational stability. 
C 
(12) Compute convective stability index 
LSI = Be5 - ee7 (D-22) 
where LSI is in degrees C I 
(13) Compute mean temperature advection in the 700 to 500 mb layer 
First, compute the magnitude of the observed vector wind shear in 
the 700 to 500 mb layer. 
Then temperature advection in degrees C/12 hours is given by 
(D- 2 4) 
where V5 is 500 mb wind speed in mps, VT the thermal wind speed in mps,! 
1 
the meteorological angle of the thermal wind, and ) the meteorolog- 5 I 
ical angle of the 500 mb wind. 
The constant in (D-24) contains the coriolis parameter for a lati-i 
tude of 39.4 degrees and the specific gas constant for dry air. 
2. Wolf Creek Pass Program 
a. Interpolation scheme 
A linear, distance weighted interpolation scheme was also used to 
derive meteorological data for the Wolf Creek Pass area, The 
i n t e r p o l a t i o n  equat ion  was of t h e  form 
X - (.204)Xden + (.365)X + (.255)X + (.176)xinw 
"CP s j  t abq 
(D-25) 
where X aga in  denotes  t h e  meteoro logica l  q u a n t i t y  being i n t e r p o l a t e d .  
Th i s  r e l a t i o n s h i p  was used t o  i n t e r p o l a t e  a l l  meteoro logica l  q u a n t i t i e s  
except f o r  r e l a t i v e  humidi t ies  a t  p re s su re s  of 600 mb o r  h igher .  
For r e l a t i v e  humid i t i e s  a t  p re s su re s  of 600 mb o r  h igher  t h e  
i n t e r p o l a t i o n  equat ion  w a s  changed t o  
The removal of t h e  Denver d a t a  from t h e  i n t e r p o l a t i o n  of low l e v e l  
humidi t ies  was f o r  t h e  same reasons  d iscussed  previous ly  under t h e  Climax 
program. 
b. Analysis  Procedures 
Analys is  procedures  f o r  t h e  Wolf Creek Pass  d a t a  were i d e n t i c a l  t o  
t hose  ou t l i ned  under t h e  Climax program, 
